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(57) A method and device for quantum division op-

eration with precision. The method includes: obtaining
dividend data and divisor data to be operated, transform-
ing the dividend data into a first target quantum state,
and transforming the divisor data into a second target
quantum state; for the first target quantum state and the
second target quantum state, iteratively executing quan-
tum state evolution corresponding to a subtraction oper-
ation, counting the number of executions of the subtrac-
tion operation until the dividend data is reduced to a neg-
ative number, and outputting a finally obtained counting
result as integer part of a quotient of dividing the dividend
data by the divisor data; for a current first target quantum
state and a current second target quantum state, itera-
tively executing quantum state evolution corresponding
to fractional part operation of the quotient; and outputting
a finally obtained quantum state on a qubit with preset
precision bits.

QUANTUM DIVISION OPERATION METHOD AND APPARATUS WITH PRECISION

Obtaining dividend data and divisor data to be operated,
transforming the dividend data into a first target quantum state, and
transforming the divisor data into a second target quantum state; |
wherein, each of the first target quantum state and the second target
quantum state includes: a sign-bit sub-quantum state representing
a data sign, and a value bit sub-quantum state representing a data
value

$5201

For the first target quantum state and the second target quantum
state, iteratively executing quantum state evolution corresponding to 55202
a subtraction operation, counting the number of executions of the /_
subtraction operation until the dividend data is reduced to a negative
number, and outputting a finally obtained counting result as integer
part of a quotient of dividing the dividend data by the divisor data;
wherein a subtraction result of the preceding subtraction operation
is used as a minuend of each execution of the subtraction operation,
and the divisor data is used as a subtrahend of each execution of the
subtraction operation

For a current first target quantum state and a current second L $5203
target quantum state, iteratively executing quantum state evolution
corresponding to fractional part operation of the quotient, wherein
a preset number of iterations therefor is equal to the number
of precision bits in the fractional part to be operated, and after
each iteration, obtaining a quantum state of a value including
corresponding precision bits on a corresponding qubit with preset
precision bits

Outputting the finally obtained quantum state on qubits with preset /— $5204
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fractional part of the quotient
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Description

[0001] Thisdisclosure claims priority to: Chinese Patent Application No. 202011058756.3 entitled" METHOD, DEVICE,
ELECTRONIC DEVICE AND STORAGE MEDIUM FOR QUANTUM ADDITION OPERATION" filed with the CNIPA on
September 30, 2020; Chinese Patent Application No. 202011058770.3 entitled " METHOD, DEVICE, ELECTRONIC
DEVICE AND STORAGE MEDIUM FOR QUANTUM SUBTRACTION OPERATION" filed with the CNIPA on September
30, 2020; Chinese Patent Application No. 202011058718.8 entitled "METHOD, DEVICE, ELECTRONIC DEVICE AND
STORAGE MEDIUM FOR QUANTUM MULTIPLICATION OPERATION" filed with the CNIPA on September 30, 2020;
Chinese Patent Application No.202011064018.X entitled" METHOD, DEVICE, ELECTRONIC DEVICE AND STORAGE
MEDIUM FOR QUANTUM DIVISION OPERATION" filed with the CNIPA on September 30, 2020; and Chinese Patent
Application No. 202011059513.1 entitled " METHOD AND DEVICE FOR QUANTUM DIVISION OPERATION WITH
PRECISION" filed with the CNIPA on September 30, 2020; all of which are hereby incorporated by reference in their
entireties.

TECHNICAL FIELD

[0002] The present disclosure relates to the field of quantum computing, in particular to a method and device for
quantum division operation with precision.

BACKGROUND

[0003] Quantum computers take advantage of Quantum Superposition, and in some cases, they are theoretically
capable of exponential acceleration. For example, although RSA key cracking takes hundreds of years on a classical
computer, it takes only a few hours via execution of a quantum algorithm on a quantum computer. At present, however,
extensive execution of quantum algorithms is not yet possible due to limited computing power of existing quantum
computers, as existing quantum computers can only manipulate alimited number of bits restricted by current development
status of quantum chip hardwares. Accordingly, quantum computing simulation methods are required for extensive
execution of quantum algorithms.

[0004] In the process of implementing simulation of quantum algorithms, various quantum logic gates are typically
required to construct the quantum algorithms. However, in the case of relying only on various quantum logic gates to
construct quantum algorithms, there is no such quantum logic gates as corresponding to classical operations e.g.,
addition, subtraction, multiplication, and division. For this reason, there has been a pressing need for a technology that
can realize basic arithmetic operations in quantum circuits, so as to fill the gap in the related art.

SUMMARY

[0005] In order to address the disadvantages in the prior art, the present disclosure aims at providing a method and
device for quantum division operation with precision, which can realize a basic arithmetic operation in quantum circuits
and can fill the gap in the related art.

[0006] The present disclosure adopts the following technical solution:

An embodiment of the present disclosure provides a method for quantum division operation with precision, the method
including: obtaining dividend data and divisor data to be operated, transforming the dividend data into a first target
quantum state, and transforming the divisor data into a second target quantum state; wherein each of the first target
quantum state and the second target quantum state includes: a sign-bit sub-quantum state representing a data sign,
and a value bit sub-quantum state representing a data value; for the first target quantum state and the second target
quantum state, iteratively executing quantum state evolution corresponding to a subtraction operation, counting the
number of executions of the subtraction operation until the dividend data is reduced to a negative number, and outputting
a finally obtained counting result as integer part of a quotient of dividing the dividend data by the divisor data; wherein
a subtraction result of the preceding subtraction operation is used as a minuend of each execution of the subtraction
operation, and the divisor data is used as a subtrahend of each execution of the subtraction operation; for a current first
target quantum state and a current second target quantum state, iteratively executing quantum state evolution corre-
sponding to fractional part operation of the quotient, wherein a preset number of iterations therefor is equal to the number
of precision bits in the fractional part to be operated, and after each iteration, obtaining a quantum state of a value
including corresponding precision bits on a corresponding qubit with preset precision bits; and outputting a finally obtained
quantum state on a qubit with preset precision bits, wherein the quantum state includes binary values for fractional part
of the quotient.

[0007] Optionally, said "for the first target quantum state and the second target quantum state, iteratively executing
quantum state evolution corresponding to a subtraction operation, counting the number of executions of the subtraction
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operation until the dividend data is reduced to a negative number" includes: for a current first target quantum state and
the second target quantum state, executing quantum state evolution corresponding to the subtraction operation, to obtain
the first target quantum state including a subtraction operation result; for a third target quantum state of a current first
preset auxiliary qubit and a fourth target quantum state of a current second preset auxiliary qubit, executing quantum
state evolution corresponding to the subtraction operation, to increment a value contained in the current third target
quantum state by 1; wherein an initial value contained in the third target quantum state and a value contained in the
fourth target quantum state are both -1; measuring a sign-bit sub-quantum state of the first target quantum state currently
including the subtraction operation result, and determining whether a value of the sign bit of the first target quantum
state that currently contains the subtraction operation result is 0; in the case that the value of the sign bit of the first
target quantum state that currently contains the subtraction operation result is 0, returning and executing the step "for
acurrentfirsttarget quantum state and the second target quantum state, executing quantum state evolution corresponding
to the subtraction operation”, until it is determined that the value of the sign bit of the first target quantum state currently
including the subtraction operation result is 1.

[0008] Optionally, said "outputting a finally obtained counting result as integer part of a quotient of dividing the dividend
data by the divisor data" includes: outputting a finally obtained third target quantum state, wherein the third target quantum
state contains an integer-bit binary value of a quotient of dividing the dividend data by the divisor data.

[0009] Optionally, said "for a current first target quantum state and a current second target quantum state, iteratively
executing quantum state evolution corresponding to fractional part operation of the quotient" includes: inverting the sign-
bit sub-quantum state of the current second target quantum state, executing the quantum state evolution corresponding
to the subtraction operation for the current first target quantum state and the second target quantum state with its sign
bit inverted, so as to evolve the current first target quantum state to a quantum state including a binary value of a
remainder of dividing said dividend data by said divisor data; left-shifting sub-quantum state of each bit of the current
first target quantum state by one bit, and re-inverting the sign-bit sub-quantum state of the current second target quantum
state; for the first target quantum state that has been left-shifted by one bit and the second target quantum state that
has been reinverted, iteratively executing quantum state evolution corresponding to the subtraction oiperation, counting
the number of executions of the subtraction operation until the first target quantum state that has been left-shifted by
one bit is reduced to a negative number, and obtaining a fractional part quantum state including a binary value of the
counting result on a preset intermediate bit qubit; swapping a sub-quantum state of the last bit of the fractional part
quantum state with the initial quantum state 10) of the corresponding preset precision bit qubit, and outputting a quantum
state on the preset precision bit qubit after swapping; and returning to execute the step of "inverting the sign-bit sub-
quantum state of the current second target quantum state, executing the quantum state evolution corresponding to the
subtraction operation for the current first target quantum state and the second target quantum state with its sign bit
inverted", until a preset number of iterations required for the quantum state evolution corresponding to the iterative
execution of the fractional part operation of the quotient is reached, wherein the preset number of iterations is equal to
the number of precision bits in the fractional part to be operated.

[0010] Optionally, the method further includes: obtaining a preset sign-bit-qubit, and executing a preset quantum logic
gate operation for a qubit corresponding to the sign-bit sub-quantum state of the first target quantum state, a qubit
corresponding to the sign-bit sub-quantum state of the second target quantum state, the first preset auxiliary qubit and
the preset sign-bit-qubit, so as to finally obtain a sign value represented by a sign-bit-qubit sub-quantum state in the
third target quantum state.

[0011] Optionally, said executing the quantum state evolution corresponding to the subtraction operation further in-
cludes: for two quantum states to be operated, i.e, a minuend quantum state representing the minuend data and a
subtrahend quantum state representing the subtrahend data, obtaining a quantum state of a third preset auxiliary qubit,
and according to a sign-bit sub-quantum state of the minuend quantum state and the quantum state of the third preset
auxiliary qubit, controlling the minuend quantum state to execute quantum state evolution corresponding to the comple-
ment operation so as to obtain a first complement quantum state; wherein the first complement quantum state is a
quantum state including the complement of the minuend data; for the sign-bit sub-quantum state in the subtrahend
quantum state, executing quantum state evolution corresponding to sign-bit-inversion, and according to a quantum state
of the third preset auxiliary qubit and an inverted sign-bit sub-quantum state , controlling a current subtrahend quantum
state to execute a quantum state evolution corresponding to the complement operation so as to obtain a second com-
plement quantum state; wherein the second complement quantum state is a quantum state including the complement
of the subtrahend data; for the first complement quantum state and the second complement quantum state, executing
quantum state evolution corresponding to the addition operation, so as to evolve the first complement quantum state
into afifth target quantum state including a sum of a complement of the minuend data and a complement of the subtrahend
data; according to the sign-bit sub-quantum state in the fifth target quantum state as well as the quantum state of the
third preset auxiliary qubit, controlling the fifth target quantum state to execute the quantum state evolution corresponding
to the complement operation, so as to obtain an evoluted sixth target quantum state which is output as the subtraction
operation result of subtracting the subtrahend data from the minuend data, wherein the sixth target quantum state is a
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quantum state including a complement of the sum of the complement; and according to the sign-bit sub-quantum state
in the current subtrahend quantum state and the quantum state of the current third preset auxiliary qubit, controlling the
current subtrahend quantum state to execute the quantum state evolution corresponding to the complement operation,
and executing quantum state evolution corresponding to sign-bit-invertion for the sign-bit sub-quantum state in the
current subtrahend quantum state, so as to restore the current subtrahend quantum state.

[0012] Optionally, said "according to a sign-bit sub-quantum state of the minuend quantum state and the quantum
state of the third preset auxiliary qubit, controlling the minuend quantum state to execute quantum state evolution
corresponding to the complement operation” includes: executing a CNOT gate operation on the first sign-bit-qubit cor-
responding to the sign-bit sub-quantum state in the minuend quantum state and the third preset auxiliary qubit, wherein
the first sign-bit-qubit is a controlling bit and the third preset auxiliary qubit is a controlled bit; according to the quantum
state of the third preset auxiliary qubit after execution of the CNOT gate operation, controlling whether the current
minuend quantum state executes the quantum state evolution corresponding to the complement operation: ifyes, inverting
the non-sign-bit sub-quantum state of the current minuend quantum state, and for the inverted minuend quantum state
and the fourth preset auxiliary qubit quantum state 11), executing quantum state evolution corresponding to the addition
operation to obtain the evolved first complement quantum state; otherwise, using the minuend quantum state as the first
complement quantum state; and executing CNOT gate operation on the current first sign-bit-qubit and the third preset
auxiliary qubit to restore the current quantum state of the third preset auxiliary qubit; wherein the first sign-bit-qubit is a
controlling bit, and the third preset auxiliary qubit is a controlled bit.

[0013] Optionally, said "for the sign-bit sub-quantum state in the subtrahend quantum state, executing quantum state
evolution corresponding to sign-bit-inversion, and according to a quantum state of the third preset auxiliary qubit and
an inverted sign-bit sub-quantum state , controlling a current subtrahend quantum state to execute a quantum state
evolution corresponding to the complement operation” includes: for the second sign-bit-qubit corresponding to the sign-
bit sub-quantum state in the subtrahend quantum state, executing an X-gate operation to obtain the inverted sign-bit
sub-quantum state ; executing a CNOT gate operation on the current second sign-bit-qubit and the third preset auxiliary
qubit, wherein the second sign-bit-qubitis a controlling bit, and the third preset auxiliary qubit is a controlled bit; according
to the current quantum state of the third preset auxiliary qubit after execution of the CNOT gate operation, controlling
whether the current subtrahend quantum state executes the quantum state evolution corresponding to the complement
operation; if yes, inverting the non-sign-bit sub-quantum state of the current subtrahend quantum state, and for the
inverted subtrahend quantum state and the fourth preset auxiliary qubit quantum state 11), executing quantum state
evolution corresponding to the addition operation to obtain the evolved second complement quantum state; otherwise,
using the current subtrahend quantum state as the second complement quantum state; executinga CNOT gate operation
on the current second sign-bit-qubit and the third preset auxiliary qubit to restore the current quantum state of the third
preset auxiliary qubit; wherein the second sign-bit-qubit is a controlling bit, and the third preset auxiliary qubit is a
controlled bit.

[0014] Optionally, said "executing quantum state evolution corresponding to the addition operation" includes: according
to the bit number of qubits corresponding to the two quantum states to be operated, determining a target module number
of the front-cascading modules (MAJ module) to be cascaded and a target module number of the rear-cascading modules
(UMA module) to be cascaded, wherein the number of the MAJ modules equals to the number of the UMA modules;
according to an addition instruction, cascading the MAJ modules and the UMA modules both in the target module number,
to generate a target quantum circuit corresponding to the adder; executing, with the target quantum circuit, an addition
operation of each sub-quantum state of the two quantum states to be operated, so as to generate and output a target
quantum state result.

[0015] Optionally, the MAJ module is an MAJ quantum circuit, the UMA module is a UMA quantum circuit, and each
of the MAJ quantum circuit and the UMA quantum circuit includes two CNOT quantum logic gates and one TOFFOLI
quantum logic gate, the method further includes, before the step "according to an addition instruction, cascading the
MAJ modules and the UMA modules both in the target module number, to generate a target quantum circuit corresponding
to the adder": obtaining operation qubits corresponding to the two CNOT quantum logic gates and one TOFFOLI quantum
logic gate, a control relationship between the operation qubits, and a timing relationship between the two CNOT quantum
logic gates and the one TOFFOLI quantum logic gate; and according to the operation qubits, the control relationship
and the timing relationship, using the two CNOT quantum logic gates and the one TOFFOLI quantum logic gate to
construct and generate the MAJ quantum circuit or the UMA quantum circuit as a corresponding MAJ module or a
corresponding UMA module.

[0016] Optionally, the MAJ module and the UMA module each includes three input items and three output items, said
step "according to an addition instruction, cascading the MAJ modules and the UMA modules both in the target module
number, to generate a target quantum circuit corresponding to the adder" specifically includes: according to the addition
instruction, using three output items of an MAJ cascading module as three input items of a corresponding UMA cascading
module, so as to cascade the MAJ cascading module with the corresponding UMA cascading module to generate a
target quantum circuit corresponding to the adder, wherein the MAJ cascading module is determined by cascading
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between MAJ modules in the target module number, and the UMA cascading module is determined by cascading
between UMA modules in the target module number.

[0017] Optionally, the three input items of the MAJ module include a carry input item and two sub-quantum state input
items to be operated, the three output items of the MAJ module include a carry output item and two intermediate result
output items, the three input items of the UMA module include a carry output item and two intermediate result output
items of the corresponding MAJ module, and the three output items of the UMA module include a result carry output
item, an accumulation output item and a sub-quantum state input item to be operated, said step "according to an addition
instruction, using three output items of an MAJ cascading module as three input items of a corresponding UMA cascading
module, so as to cascade the MAJ cascading module with the corresponding UMA cascading module to generate a
target quantum circuit corresponding to the adder" specifically includes: according to the addition instruction, using the
carry output item output by the previous MAJ module and the two quantum substrate input items to be operated as the
three input items of the next MAJ module, so as to cascade the MAJ modules in the target module number; using two
intermediate result output items of an MAJ module as two input items of a corresponding UMA module, obtaining a
previous UMA module preceeding the corresponding UMA module, and using the result carry output item of the previous
UMA module as an input item of the corresponding UMA module, so as to cascade MAJ modules in the target module
number and the UMA modules in the target module number to generate the initial quantum circuit, wherein the carry
output item of the last MAJ module is used as an input item to the corresponding first UMA module; and adding a CNOT
quantum logic gate between the last MAJ module and the corresponding first UMA module in the initial quantum circuit,
wherein the qubit corresponding to the carry output item of the MAJ module is used as the controlling bit, and the preset
auxiliary qubit is used as the controlled bit, so as to generate the target quantum circuit of the adder.

[0018] Another embodiment of the present disclosure provides a deviceof quantum division operation with precision,
characterized by including:a transformation module, configured for: obtaining dividend data and divisor data to be op-
erated, transforming the dividend data into a first target quantum state, and transforming the divisor data into a second
target quantum state; wherein each of the first target quantum state and the second target quantum state includes: a
sign-bit sub-quantum state representing a data sign, and a value bit sub-quantum state representing a data value; a first
quantum state evolution module, configured for: for the first target quantum state and the second target quantum state,
iteratively executing quantum state evolution corresponding to a subtraction operation, and counting the number of
executions of the subtraction operation until the dividend data is reduced to a negative number, and outputting a finally
obtained counting result as integer part of a quotient of dividing the dividend data by the divisor data; wherein a subtraction
result of the preceding subtraction operation is used as a minuend of each execution of the subtraction operation, and
the divisor data is used as a subtrahend of each execution of the subtraction operation; a second quantum state evolution
module, configured for: for a current first target quantum state and a current second target quantum state, iteratively
executing quantum state evolution corresponding to fractional part operation of the quotient, wherein a preset number
of iterations therefor is equal to the number of precision bits in the fractional part to be operated, and after each iteration,
obtaining a quantum state of a value including corresponding precision bits on a corresponding qubit with preset precision
bits; and an output module, configured for outputting a finally obtained quantum state on a qubit with preset precision
bits, wherein the quantum state includes binary values for fractional part of the quotient.

[0019] The present disclosure also provides an electronic device, including a memory having a computer program
stored therein, and a processor configured to execute the computer program to perform the above steps and method.
[0020] The presentdisclosure also provides a storage medium having a computer program stored therein, the computer
program being configured to perform during execution thereof the above steps and method.

[0021] Compared with the prior art, the method for quantum division operation with precision provided in the present
disclosure obtains dividend data and divisor data to be operated, transforms the dividend data into a first target quantum
state, and transforms the divisor data into a second target quantum state; for the first target quantum state and the
second target quantum state, iteratively executes quantum state evolution corresponding to a subtraction operation,
counts the number of executions of the subtraction operation until the dividend data is reduced to a negative number,
and outputs a finally obtained counting result as integer part of a quotient of dividing the dividend data by the divisor
data; for a current first target quantum state and a current second target quantum state, iteratively executes quantum
state evolution corresponding to fractional part operation of the quotient; and outputs a finally obtained quantum state
on a qubit with preset precision bits. Thereby, the disclosure realizes a basic arithmetic operation that can be used in
quantum circuits, and fills the gap in the related art.

BRIEF DESCRIPTION OF THE DRAWINGS
[0022]

Fig. 1 is a computer terminal hardware structural block diagram of quantum addition/quantum subtraction/quantum
multiplication/quantum division/quantum division with precision provided in an embodiment of the present disclosure;



10

15

20

25

30

35

40

45

50

55

EP 4 224 308 A1

Fig. 2 is a schematic flow chart of a method for quantum addition operation provided in an embodiment of the present
disclosure;

Fig. 3 is a schematic illustration of an adder provided in the present disclosure;

Fig. 4 is a schematic illustration of the quantum circuit of the adder provided in the present disclosure;

Fig. 5 is a schematic illustration of the MAJ module provided in the present disclosure;

Fig. 6 is a schematic illustration of the MAJ module quantum circuit combination process provided in the present
disclosure;

Fig. 7 is a schematic illustration of a UMA module provided in the present disclosure;

Fig. 8 is a schematic illustration of the UMA module quantum circuit combination process provided in the present
disclosure;

Fig. 9 is a quantum circuit schematic illustration of the complement operation provided in the present disclosure;
Fig. 10 is a schematic illustration of the first half quantum circuit corresponding to the subtractor provided in the
present disclosure;

Fig. 11 is a schematic illustration of the second half quantum circuit corresponding to the subtractor provided in the
present disclosure;

Fig. 12 is a schemaitic illustration of a quantum circuit corresponding to the subtractor provided in the present
disclosure;

Fig. 13 is a schematic structural illustration of a quantum addition device provided in an embodiment of the present
disclosure.

Fig. 14 is a schematic flow chart of a quantum subtraction method provided in an embodiment of the present
disclosure;

Fig. 15 is a schematic illustration of a complement quantum circuit provided in the present disclosure;

Fig. 16 is a schematic illustration of a complement quantum circuit before addition operation provided in the present
disclosure;

Fig. 17 is a schematic illustration of a complement quantum circuit after addition operation provided in the present
disclosure;

Fig. 18 is a schematic illustration of the quantum circuit of the subtractor provided in the present disclosure;

Fig. 19 is a schematic illustration of an adder provided in an embodiment of the present disclosure;

Fig. 20 is a schematic illustration of an adder quantum circuit provided in an embodiment of the present disclosure;
Fig. 21 is a schematic illustration of an MAJ module provided in an embodiment of the present disclosure;

Fig. 22 is a schematic illustration of the MAJ module quantum circuit combination process provided in an embodiment
of the present disclosure;

Fig. 23 is a schematic illustration of a UMA module provided in an embodiment of the present disclosure;

Fig. 24 is a schematic illustration of the UMA module quantum circuit combination process provided in an embodiment
of the present disclosure;

Fig. 25 is a schematic structural illustration of a device for quantum subtraction operation provided in an embodiment
of the present disclosure.

Fig. 26 is a schematic flowchart of a method for quantum multiplication operation provided in an embodiment of the
present disclosure;

Fig. 27 is a schematic illustration of storing a sign bit operation result provided in an embodiment of the present
disclosure;

Fig. 28 is a schematic illustration of an adder provided in an embodiment of the present disclosure;

Fig. 29 is a schematic illustration of an adder quantum circuit provided in an embodiment of the present disclosure;
Fig. 30 is a schematic illustration of an MAJ module provided in an embodiment of the present disclosure;

Fig. 31is a schematic illustration of the MAJ module quantum circuit combination process provided in an embodiment
of the present disclosure;

Fig. 32 is a schematic illustration of a UMA module provided in an embodiment of the present disclosure;

Fig. 33 is a schematicillustration of the UMA module quantum circuit combination process provided in an embodiment
of the present disclosure;

Fig. 34 is a schematic structural illustration of a device for quantum multiplication operation provided in an embodiment
of the present disclosure.

Fig. 35 is a schematic flowchart of a method for quantum division operation provided in an embodiment of the present
disclosure;

Fig. 36 is a schematic illustration of a quantum circuit of a method for quantum division operation provided in an
embodiment of the present disclosure;

Fig. 37 is a schematic illustration of a quantum circuit of a method for quantum division operation provided by another
embodiment of the present disclosure;

Fig. 38 is a schematic illustration of a quantum circuit for complement operation provided in an embodiment of the
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present disclosure;

Fig. 39 is a schematic illustration of the first half of the quantum circuit corresponding to the subtractor provided in
an embodiment of the present disclosure;

Fig. 40 is a schematic illustration of the second half of the quantum circuit corresponding to the subtractor provided
in an embodiment of the present disclosure;

Fig. 41 is a schematic illustration of a quantum circuit corresponding to a subtractor provided in an embodiment of
the present disclosure;

Fig. 42 is a schematic illustration of an adder provided in an embodiment of the present disclosure;

Fig. 43 is a schematic illustration of an adder quantum circuit provided in an embodiment of the present disclosure;
Fig. 44 is a schematic illustration of the MAJ module provided in an embodiment of the present disclosure;

Fig. 45is a schematic illustration of the MAJ module quantum circuit combination process provided in an embodiment
of the present disclosure;

Fig. 46 is a schematic illustration of a UMA module provided in an embodiment of the present disclosure;

Fig. 47 is a schematicillustration of the UMA module quantum circuit combination process provided in an embodiment
of the present disclosure.

Fig. 48 is a schematic structural illustration of a device for quantum division operation provided in an embodiment
of the present disclosure.

Fig. 49 is a schematic flowchart of a method for quantum division operation with precision provided in an embodiment
of the present disclosure;

Fig. 50 is a schematic illustration of a quantum circuit of a method for quantum division operation with precision
provided in an embodiment of the present disclosure;

Fig. 51 is a schematic illustration of a quantum circuit of a method for quantum division operation with precision
provided by another embodiment of the present disclosure;

Fig. 52 is a schematic illustration of a quantum circuit for complement operation provided in an embodiment of the
present disclosure;

Fig. 53 is a schematic illustration of the first half of the quantum circuit corresponding to the subtractor provided in
an embodiment of the present disclosure;

Fig. 54 is a schematic illustration of the second half of the quantum circuit corresponding to the subtractor provided
in an embodiment of the present disclosure;

Fig. 55 is a schematic illustration of a quantum circuit corresponding to a subtractor provided in an embodiment of
the present disclosure;

Fig. 56 is a schematic illustration of an adder provided in an embodiment of the present disclosure;

Fig. 57 is a schematic illustration of an adder quantum circuit provided in an embodiment of the present disclosure;
Fig. 58 is a schematic illustration of the MAJ module provided in an embodiment of the present disclosure;

Fig. 59is a schematic illustration of the MAJ module quantum circuit combination process provided in an embodiment
of the present disclosure;

Fig. 60 is a schematic illustration of a UMA module provided in an embodiment of the present disclosure;
Fig.61is a schematicillustration of the UMA module quantum circuit combination process provided in an embodiment
of the present disclosure.

Fig. 62 is a schematic structural illustration of a deviceof quantum division operation with precision provided in an
embodiment of the present disclosure.

DETAILED DESCRIPTION

[0023] The exemplary embodiments described below with reference to the accompanying figures are only used for
explaining the present disclosure, and should not be construed as limiting thereto.

[0024] Itis to be noted that the terms "first" and "second" in the description and claims of the present disclosure are
used for distinguishing between similar objects, and are not necessarily used for describing a specific order or sequence.
[0025] Embodiments of the present disclosure provide method and device for quantum addition/quantum subtrac-
tion/quantum multiplication/quantum division/quantum division with precision, which are used for implementing basic
arithmetic operations of qubits in quantum circuits. The method can be applied for electronic equipment such as mobile
terminals, in particular mobile phones and tablet computers; and computer terminals, in particular ordinary computers
and quantum computers.

[0026] The following will describe the embodiments in detail, using operation thereof on a computer terminal as an
example. FIG. 1 is a block diagram of the hardware structure of a computer terminal of a method for quantum addi-
tion/quantum subtraction/quantum multiplication/quantum division/quantum division operation with precision, according
to an embodiment of the present disclosure. As shown in FIG. 1, a computer terminal may include one or more (only
one is shown in FIG. 1) processor 102 (a processor 102 may include but not limited to processing devices such as
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microprocessors MCUs or programmable logic devices FPGAs) and a memory 104 for storing data. Optionally, the
above-mentioned computer terminal may further include a transmission device 106 and an /O (input/output) device 108
for communication functions. Those skilled in the art can understand that the structure shown in FIG. 1 is only for
illustration, and constitutes no limitation to the structure of the above computer terminal. For example, the computer
terminal may also include more or fewer components than shown in FIG. 1, or have a configuration different from that
shown in FIG. 1.

[0027] The memory 104 can be used for storing software programs and modules of application softwares, such as
program instructions/modules corresponding to the quantum computing simulation method in the embodiment of the
present disclosure. By running software programs and modules stored in the memory 104, the processor 102 executes
various functional applications and data processing, i.e., to perform the above-mentioned method. The memory 104
may include a high-speed random-access memory, and may also include non-volatile memories, such as one or more
of magnetic storage devices, flash memory, or other non-volatile solid-state memories. In some examples, the memory
104 may further include a memory that is remotely located relative to the processor 102, and these remote memories
may be connected to a computer terminal through a network. Examples of the aforementioned networks include, but
are not limited to, the Internet, intranets, local area networks, mobile communication networks, and combinations thereof.
[0028] The transmission device 106 is used for receiving or transmit data via a network. A specific example of the
above-mentioned network may include a wireless network provided by a communication provider of the computer ter-
minal. In one example, the transmission device 106 includes a network adapter (Network Interface Controller, NIC),
which can be connected to other network devices through a base station so as to communicate with the Internet. In one
example, the transmission device 106 may be a radio frequency (Radio Frequency, RF) module, which is used for
communicating with the Internet in a wireless manner.

[0029] It is to be noted that a real quantum computer is of a hybrid structure, which consists of two parts: one is a
classical computer, which functions to execute classical computing and control; the other is a quantum device, which
functions to run quantum programs and implementing quantum computing. A quantum program is a series of instruction
sequences written in a quantum language such as Qrunes that can be run on a quantum computer, which supports
quantum logic gate operations and ultimately realizes quantum computing. Specifically, a quantum program is a series
of instruction sequences that operate quantum logic gates in a certain sequence.

[0030] In practical applications, due to the limitation of the development of quantum device hardware, quantum com-
puting simulations are usually required to verify quantum algorithms, quantum applications, etc. Quantum computing
simulation is the process of simulating the operation of quantum programs corresponding to specific problems using a
virtual architecture (that is, a quantum virtual machine) built with the resources of ordinary computers. Typically, quantum
programs corresponding to specific problems need to be constructed. The quantum programreferred to in the embodiment
of the present disclosure is a program written in a classical language to characterize qubits and their evolution, in which
qubits, quantum logic gates, etc. related to quantum computing all have expressions with corresponding classical codes.
[0031] As anembodiment of quantum programs, quantum circuits, also known as quantum logic circuits, are the most
commonly used general-purpose quantum computing models, which means circuits that operate on qubits under abstract
concepts: components thereof include qubits, circuits (timelines), and various quantum logic gates; and results thereof
usually need to be read out through quantum measurement operations.

[0032] Unlike traditional circuits, which are connected by metal wires to transmit voltage signals or current signals, in
quantum circuits, the circuits can be regarded as connected by time, that is, the state of qubits evolves naturally with
time. In this process, it follows the instruction of the Hamiltonian operator, and is operated upon its encounter with a
logic gate.

[0033] A quantum program as a whole corresponds to a total quantum circuit, and the quantum program in the present
disclosure refers to the total quantum circuit, wherein the total number of qubits in the total quantum circuit is the same
as the total number of qubits in the quantum program. It can be understood that: a quantum program can be consisted
of quantum circuits, measurement operations for qubits in quantum circuits, registers for storing measurement results,
and control flow nodes (jump instructions). A quantum circuit can contain tens, hundreds or even tens of thousands of
quantum logic gate operations. An execution process of a quantum program is the process of executing all quantum
logic gates according to a certain time sequence. It is to be noted that "timing" refers to a time sequence in which a
single quantum logic gate is executed.

[0034] Itis to be noted that in classical computing, the most basic unit is a bit, and the most basic control mode is a
logic gate. With a combination of logic gates, the purpose of controlling a circuit can be achieved. Similarly, the means
by which to handle qubits is quantum logic gates. The use of quantum logic gates can make the quantum states evolve.
Accordingly, quantum logic gates are the basis of quantum circuits. Quantum logic gates include single-bit quantum
logic gates, such as Hadamard gates (H gates), Pauli-X gates, Pauli-Y gates, Pauli-Z gates, RX gates, RY gates, RZ
gates; multi-bit quantum logic gates such as CNOT gates, CR gates, iISWAP gates, Toffoli gates. Quantum logic gates
are generally represented by unitary matrices, which are not only in the form of matrices but also a certain kind of
operation and transformation.
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[0035] Atpresent, there are not yet any implementation of classical operations such as the Four Arithmetic Operations,
e.g., quantum logic gates for addition, subtraction, multiplication, and division. Accordingly, it is pressing to construct
quantum circuits to realize the functional operation of any of the Four Arithmetic Operations, and in turn to promote the
development of quantum computing, as well as landing and expanding of quantum applications.

[0036] Asshown in Fig.2, Embodiment 1 of the present disclosure provides a method for quantum addition operation,
the method includes:

S1201. Obtaining an addition instruction and two target data to be operated, and transforming the two target data
into two target quantum states;

This embodiment is used for introducing how to implement the logic circuit of the addition operation in a quantum
computer, and for describing each module in conjunction with the predeveloped software QPanda. Any classical
logic circuit can also be represented by a quantum circuit. There is a one-to-one correspondence between a classical
circuit and a quantum circuit. The input and output of a quantum logic gate/quantum circuit are both qubits, and the
number of input qubits is equal to that of output qubits. Quantum circuits allow quantum states to be input in a
superposition way, while output states can be superimposed and output in the same way as input states. Reversible
computing is the basis of quantum computing, that is, any reversible circuit has an inverse circuit thereof: that is to
say, by using each original output as input, it can be mapped exactly to an original input thereof. A reversible circuit
means that for every output, there is exactly one input corresponding to it, and this mapping is a one-to-one mapping.
For example, a NOT gate is a typical reversible logic gate, and its inverse circuit is itself. On the other hand, AND
gates and OR gates are typical inreversible logic gates. For example, nomatter whether the input of an AND gate
is"0,0";"0,1"or"1,0", the outputremains 0, indicating that there is no unique mapping from output toinput. "Reversible
computing" means that there is no loss of information during the computing process, and the original state can be
restored after inverse transformation. Inreversible computing means that there is loss of information. For example,
from the output of an AND gate, the state of the input thereof cannot be inferred; while for reversible computation,
itis deducible. Any sequentially executed reversible logic gates add up to a reversible operation. Because all quantum
logic gates are reversible logic gates, quantum circuits are reversible circuits. However, quantum measurements
are not reversible computations.

[0037] Specifically, the addition instruction input by the user is received, the two target data corresponding to the
addition instruction are obtained, and the two target data to be operated are transformed into two corresponding target
quantum states. The existing amplitude encoding method can be used for transforming the decimal data to be operated
into a binary quantum state representation. For example, the first addition data is 7, a signed binary expression thereof
is 0111, the highest bit is 0 to represent a positive number (1 to represent a negative number); the second addition data
is 4, and a signed binary expression thereof is 011. Here, the target quantum state is the eigenstate corresponding to
the two target qubits, and the number of all eigenstates corresponding to the qubits is 2 to the power of the bit number
of qubits. For example: if a group of qubits is qg, 4, and g,, which means the 0Oth, 1st, and 2nd qubits, and the order
from high to low is g5 q4 qp, then the group of qubits correspond to 8 eigenstates (that is, quantum states), namely:
|000>, |001>, |010>, |[011>, |100>, |[101>, |[110>, [111>, the superposition state between the eight eigenstates. The bit
number of qubits in this group can be set according to actual operational needs.

[0038] Itis to be noted that, as shown in FIG.3, the first qubit in the circuit is the first preset auxiliary qubit, which is
initially in the state 10) and will eventually return to the state 10). The "a" and "b" in the circuit are the quantum states
corresponding to data to be added, each corresponding to a set of qubits. The "c" represents the final carry item,
corresponding to the preset carry auxiliary qubit, and the "s" is the output bit that does notinclude a carry bit. Itis generally
required that the bit number of qubits corresponding to "a" equals to that corresponding to "b", and the bit number of
qubits corresponding to "s" equals to those corresponding to a and b. Here, a i and bfi @re respectively the i-th bit of
the quantum state corresponding to the two addends, and c ; is the previous-stage carry.

s ;= a i XOR b [ij XOR ¢ i,

¢ i+11=(a [ AND b i) XOR (a i AND b ;) XOR (a iy AND b pi7).

[0039] S 1202. According to the bit numbers of each qubit in the target quantum state, determining the target module
number of the front-cascading module MAJ module to be cascaded and the target module number of the rear-cascading
module UMA module to be cascaded, wherein the number of the MAJ modules equals to the number of the UMA modules;
In this embodiment, as shown in FIG. 4, s=a+b. In the final output result, the first qubit (that is, the cj in the above
cascaded circuit) will eventually return to the 0 state. Both "a" and "b" are numbers bound by a set of qubits, and it is
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generally required that a and b have the same number of bits. The "s" is the output bit that does not contain a carry, and
has the same number of bits as "b". The "c" is the final carry term. AN MAJ module includes three input quantum states
and three corresponding output quantum states, wherein the first qubit is the first preset auxiliary qubit, corresponding
to the "cy" in the quantum circuit. The first MAJ module includes three input quantum states and three corresponding
output quantum states, where the three input quantum states are ¢, a,, and by, and a, is the 0t quantum state of the
first quantum state to be operated, by is the Oth quantum state of the second quantum state to be operated, ¢ is the
quantum state of the third preset auxiliary qubit, and the initial value is 0, that is to say there is no carry. The three output
quantum states are respectively ag®cy, ag®by and ¢4, and c, is the carry after the addition of ag and b,. Similarly, the
three input quantum states of the next MAJ module are ¢4, a4, and b4, and the three output quantum states are respectively
a,®c4, a;9by4, and c,, and so on to the last MAJ module.

[0040] For the first UMA module, it includes three input quantum states and three corresponding output quantum
states, where the three output quantum states of the MAJ module correspond to the three input quantum states of the
UMA module, and the three output quantum states are respectively cg, Sy, ay; wherein s is the carry-free result of
adding ag and bg. Similarly, s, is the result of adding a; and b4 without carry, and so on. The c, is the final carry item,
corresponding to the preset carry auxiliary qubit. It is to be noted that, in practical applications, if there is no need to
calculate the final carry, the qubit corresponding to ¢, does not have to be provided in the quantum circuit.

[0041] Moreover, the number of the MAJ modules and the number of UMA modules can be determined according to
the number of sub-quantum states contained in any quantum state to be operated, one sub-quantum state corresponding
to one qubit, wherein the number of the MAJ modules is equal to the number of UMA modules. What is shown in the
figure is only an example, 4 qubits are required for coding "a" and "b", and the number of MAJ modules and that of UMA
modules are both 4. The MAJ module and the UMA module constitute the front and rear cascading units of the adder.
The MAJ module can be used for extracting the carry term of any step and pass it to the next stage to calculate the final
carry term. The UMA module not only extracts the information of "c" and transmits it to the previous-stage UMA, but
also calculates the "s" (result item) of each stage and recovers the information of "a".

[0042] For Example: When 4 (corresponding encoding is expressed in a 3-qubit quantum state as 100) + 2(corre-
sponding encoding is expressed in a 3-qubit quantum state as 010) = 6 (corresponding encoding is expressed in a 3-
qubit quantum state as 110). At this time, the bit number of qubits encoding the operation result is the same as the bit
number of qubits encoding "a" or the bit number of qubits used for encoding "b", and the number of the MAJ modules
and the number of UMA modules are both 3.

[0043] For Example: When 4 (corresponding encoding is expressed in a 3-qubit quantum state as 100) + 7 (corre-
sponding encoding is expressed in a 3-qubit quantum state as 111) = 11 (corresponding encoding is expressed in a 3-
qubit quantum state as 011). However, it can be understood that the binary number corresponding to 11 is 1011, and
the bit where the leftmost 1 is located is a carry item, which can be represented by an auxiliary qubit. At this time, the
bit number of qubits encoding the operation result is larger than the bit number of qubits encoding "a" or the bit number
of qubits used for encoding "b", and the number of the MAJ modules and the number of UMA modules are both 3.
[0044] ForExample: when 2 (corresponding encoding is expressed in a 2-qubit quantum state as 10) + 4 (corresponding
encoding is expressed in a 3-qubit quantum state as 100) = 6 (corresponding encoding is expressed in a 3-qubit quantum
state as 110). At this time, the numerical item "3" encoding the numerical value of "6" equals to the number of quantum
states of the qubit encoding "b", and the number of the MAJ modules and the number of UMA modules are both 3.
[0045] S1203. According to the addition instruction, cascading the MAJ modules and UMA modules in the target
module number to generate a target quantum circuit corresponding to the adder;

[0046] Here, at least one of the MAJ modules are cascaded to form an MAJ cascading module, at least one of the
UMA modules are cascaded to form a UMA cascading module, and both the MAJ cascading module and the UMA
cascading module include three input items and three output items;

Said step "according to an addition instruction, cascading the MAJ modules and the UMA modules in the target module
number to generate a target quantum circuit corresponding to the adder" specifically includes:

According to the addition instruction, using three output items of an MAJ cascading module as three input items of a
corresponding UMA cascading module, so as to cascade the MAJ cascading module with the corresponding UMA
cascading module to generate a target quantum circuit corresponding to the adder.

[0047] In this embodiment, as shown in FIG. 4, according to the figure, use the three output bits of the MAJ module
as the three input bits of the UMA module, thereby cascading the same number of MAJ modules and UMA modules to
generate a target quantum circuit corresponding to the adder.

[0048] Here, the MAJ module is an MAJ quantum circuit, the UMA module is a UMA quantum circuit, and each of the
MAJ quantum circuit and the UMA quantum circuit includes two CNOT quantum logic gates and one TOFFOLI quantum
logic gate,

The method further includes, before the step "according to an addition instruction, cascading the MAJ modules and the
UMA modules both in the target module number, to generate a target quantum circuit corresponding to the adder":
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Obtaining operation qubits corresponding to the two CNOT quantum logic gates and one TOFFOLI quantum logic
gate, a control relationship between the operation qubits, and a timing relationship between the two CNOT quantum
logic gates and the one TOFFOLI quantum logic gate; and

According to the operation qubits, the control relationship and the timing relationship, using the two CNOT quantum
logic gates and the one TOFFOLI quantum logic gate to construct and generate the MAJ quantum circuit or the
UMA quantum circuit as a corresponding MAJ module or a corresponding UMA module.

[0049] In this embodiment, the MAJ module and the UMA module constitute the front and rear cascading units of the
adder. As shown in FIG.5, the MAJ module is used for extracting the carry item after each stage of addition, and pass
it to the next stage, so as to calculate the final carry item. Here, hollow circles in the circuit diagram represent NOT
operations, and solid circles represent controlling bits. The UMA module is not only for extracting the value of the carry
item "c" and passing the value of the carry item "c" to the previous-stage UMA module, but also for calculating the sum
s (result item) of each stage and restoring the value of "a". Here, as shown in FIG. 6, the MAJ module can be composed
of three logic gates, i.e., two CNOT gates and one Toffoli gate respectively. The function of the CNOT gate (the first and
second logic gates from left to right in FIG.6) is: add the controlling bit to the target bit to form a modulo 2 addition, which
is an exclusive OR operation, and get (a +c) %2, therefore the order can be swapped. The function of the Toffoli gate
(the third logic gate from left to right in FIG.6) is: add both controlling bits to the target bit to get the carry item c;, Cliv1] =
(ajj AND b ;) XOR (a (; AND b ;) XOR (a ;; AND b j;)). That s, to implement e;®c; through the first CNOT gate from left
to right in FIG.6, to implement e;®f; through the second CNOT gate from left to right in FIG.6, and to implement ci+i
through the third TOFFOLI gate from left to right in FIG.6, thereby forming the front-stage cascading unit of the quantum
adder with two CNOT gates and one TOFFOLI gate.

[0050] Example 1: a;is 1, b;is 1, and ¢;is 1.

[0051] The MAJ module starts by adding a; to ¢;, and the value of ¢; becomes 0; and then adds a; to b;, and the value
of b; becomes 0; and finally adds b; and c; to a;, the value of a; becomes 1, that is, the carry of ¢4 is 1.

[0052] Example 2: a;is 0, b;is 1, and ¢;is 1.

[0053] The MAJ module starts by adding a; to c;, and the value of ¢, becomes 1, then adds a; to b;, and the value of b;
becomes 1, and finally adds b; and c; to a;, the value of a, becomes 1, that is, the carry of ci+iis 1.

[0054] As shown in FIG.7, the UMA module is used for the rear-stage of the cascaded adder. The implementation of
a UMA module is similar to that of an MAJ module. As shown in FIG.8, the Toffoli gate (the first logic gate from left to
right in FIG.8) is first used for restoring c,,; to a;, and then use aito restore (a+c) %2 with the CNOT gate (the second
logic gate from left to right in FIG.8) to c;, and finally use c; to execute a CNOT gate (the third logic gate from left to right
in FIG.8) on (a+b) %2 to get the final result si of the current bit.

[0055] Example 1: (aj+c;) %2 is 0, (a;+b;) %2 is 0, and c;,q is 1.

[0056] Startby adding (aj*+c;) %2 and (a;+b;) %2 to ¢;,4, the value of ci+i becomes 1, and the meaning thereof becomes
a;, then add a; to (a;+c;) %2, the value of (a;+c;) %2 becomes 1, and the meaning thereof becomes ¢;, then add ¢; to (a;
+b,) %2, the value of (a;+b;) %2 becomes 1, and the meaning thereof becomes si.

[0057] Example 2: (aj+c;) %2 is 1, (a;+b;) %2is 1, and c;,q is 1.

[0058] Startby adding (a; +c;) %2 and (a; +b;) %2 to ¢;,, the value of ¢;,4 becomes 0, and the meaning thereof becomes
a;, then add a; to (a;+¢;) %2, the value of (a; +c;) %2 becomes 1, and the meaning thereof becomes ¢;, then add ¢; to
(aj+b;) %2, the value of (a;+b;) %2 becomes 0, and the meaning thereof becomes s;.

[0059] As shown in FIG.4, the last CNOT gate from top to bottom, that is, the CNOT gate between the MAJ module
and the UMA module in the entire adder, is used for storing the result of ci+i.

[0060] Specifically, the three inputitems of the MAJ cascading module include a carry input item and two sub-quantum
state input items to be operated, and the three output items of the MAJ cascading module include a carry output item
and two intermediate result output items, the three input items of the UMA cascading module include a carry output item
and two intermediate result output items of a corresponding MAJ cascading module, and the three output items of the
UMA cascading module include a result carry output item, an accumulation and output item and a sub-quantum state
input item to be operated.

[0061] Said step "according to an addition instruction, three output items of an MAJ cascading module are used as
three input items of a corresponding UMA cascading module, so as to cascade the MAJ cascading module with the
corresponding UMA cascading module, thereby generating the target quantum circuit corresponding to the adder" spe-
cifically includes:

According to the addition instruction, the carry output item output by the previous MAJ module and the two sub-
quantum state input items to be operated are used as three input items of the next MAJ module, so that the MAJ
modules in the target module number are cascaded to generate the MAJ cascading module;

using two intermediate result output items of an MAJ module as two input items of a corresponding UMA module,
obtaining a previous UMA module preceeding the corresponding UMA module, and using the result carry output
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item of the previous UMA module as an input item of the corresponding UMA module, so as to cascade the MAJ
modules in the target module number and the UMA modules in the target module number to generate the UMA
cascading module, wherein the carry output item of the last MAJ module is used as an input item to the corresponding
first UMA module;

Using the three output items of an MAJ cascading module as three input items of a corresponding UMA cascading
module, to cascade the MAJ cascading module with the corresponding UMA cascading module to generate the
initial quantum circuit;

Adding a CNOT quantum logic gate between the last MAJ cascading module and the corresponding first UMA
cascading module in the initial quantum circuit, wherein the qubit corresponding to the carry output item of the MAJ
cascading module is used as the controlling bit, and the preset carry auxiliary qubit is used as the controlled bit, so
as to generate the target quantum circuit of the adder.

[0062] In further embodiments, if the carry item is not needed, the CNOT gate and the carry auxiliary qubit does not
have to be provided.

[0063] S1204. Executing an addition operation on each qubit of the two target quantum states through the target
quantum circuit to generate and output a target quantum state result.

[0064] In this embodiment, by inputting the sub-quantum state s of the two target quantum states, such as |[111> and
|111>, into the adder (that is, the target quantum circuit), a corresponding binary representation of the operation result
of the target quantum state (including the carry term and the result term obtained by directly adding each sub-quantum
state) is obtained. Then the binary expression of the result |[1110> of the target quantum state is directly output, or is
further transformed into a decimal result 14 and output to complete the addition operation of the two target data.
[0065] It can be seen that the method for quantum division operation provided in the present disclosure is used for
implementing the basic arithmetic operation in the quantum circuit, obtaining the dividend data and the divisor data to
be operated, transforming the dividend data into a first target quantum state, and transforming the divisor data into a
second target quantum state, for the first target quantum state and the second target quantum state, iteratively executing
quantum state evolution corresponding to a subtraction operation, counting the number of executions of the subtraction
operation until the dividend data is reduced to a negative number, and using a finally obtained counting result as a
quotient of dividing the dividend data by the divisor data, transforming it into a decimal representation and output it,
thereby realizing a basic arithmetic operation that can be used in quantum circuits, filling the gap in the related art.
[0066] Another embodiment of the present disclosure provides a detailed implementation of the method for executing
the subtraction operation.

[0067] For the two quantum states to be operated, i.e., the minuend quantum state including the minuend data and
the subtrahend quantum state including the subtrahend data respectively, obtaining the quantum state of the second
preset auxiliary qubit; according to the sign-bit sub-quantum state in the minuend quantum state and the quantum state
of the second preset auxiliary qubit, control the minuend quantum state to execute quantum state evolution corresponding
to the complement operation so as to obtain the first complement quantum state, wherein the first complement quantum
state is a quantum state including the complement of the minuend data;

As can be seen from the foregoing embodiments, the two quantum states to be operated have the following groups:
one consisting of the first target quantum state and the second target quantum state; one consisting of the third target
quantum state and the fourth target quantum state; and one consisting of the first target quantum state and the second
target quantum state after the sign-bit-inversion. Here, the former can be called the minuend quantum state, and the
data contained therein is called the minuend in the subtraction operation, and the latter can be called the subtrahend
quantum state, and the data contained therein is called the subtrahend.

[0068] This embodiment is mainly used for implementing the function of the subtractor. The biggest difference between
the subtractor and the adder in the following text is that, the subtractor may produce a negative number. Therefore, a
binary handling way is used in which a sign bit is added to both the subtrahend and the minuend so as to represent the
positive and negative sign of the value, and use the complement to execute the operation. The complement of positive
numbers remains unchanged, while negative numbers are bitwise inverted and increment by 1 except for the sign bit.
In a corresponding instance of the quantum circuit, the sign bit is used for controlling whether to execute the complement
operation, the X gate is used for inversion, and the increment by 1 can be realized through the adder. In the case of
complement, after the operation is completed, and the target value is obtained after execution of a further complement
operation on the result. The minuend data and the subtrahend data to be operated are obtained, and the minuend data
and the subtrahend data are transformed respectively into a first target quantum state and a second target quantum
state. Here, each of the first target quantum state and the second target quantum state includes: a sign-bit sub-quantum
state representing a data sign, and a value bit sub-quantum state representing a data value.

[0069] Specifically, according to the sign-bit sub-quantum state in the minuend quantum state and the quantum state
of the second preset auxiliary qubit, by controlling the minuend quantum state to execute quantum state evolution
corresponding to the complement operation, a CNOT gate operation may be executed on the first sign-bit-qubit corre-

12



10

15

20

25

30

35

40

45

50

55

EP 4 224 308 A1

sponding to the sign-bit sub-quantum state in the minuend quantum state, and on the second preset auxiliary qubit,
wherein the first sign-bit-qubit is a controlling bit, and the second preset auxiliary qubit is a controlled bit. Moreover, it is
reasonable and feasible to substitute the CNOT gate with other existing quantum logic gates or combinations of logic
gates that are equivalent.

[0070] According tothe quantum state of the second preset auxiliary qubit after execution of the CNOT gate operation,
control whether the current minuend quantum state executes the quantum state evolution corresponding to the comple-
ment operation;

If yes, invert the non-sign-bit sub-quantum state of the current minuend quantum state, and for the inverted minuend
quantum state and the quantum state 11) of the second preset auxiliary qubit, execute quantum addition operation, to
obtain the evolved first complement quantum state, otherwise, the minuend quantum state is used as the first complement
quantum state. Here, the quantum state evolution corresponding to the complement operation is controlled to be executed
only when the quantum state of the second preset auxiliary qubit after execution of the CNOT gate operation can be
11), otherwise it will not be executed.

[0071] Execute a CNOT gate operation on the current first sign-bit-qubit and the second preset auxiliary qubit to restore
the quantum state of the current second preset auxiliary qubit; wherein, the first sign-bit-qubit is a controlling bit, and
the second preset auxiliary qubit is a controlled bit.

[0072] For Example: the minuend quantum state is assumed to be |[0011). The sign-bit sub-quantum state of |[0011)
is the highest bit sub-quantum state , that is, the |0)state, the value of this bit is 0, the corresponding first sign-bit-qubit
is set to g.sign, and the second preset auxiliary qubit is the preset qubit q, which is initially |0) state.

[0073] Execute the CNOT gate operation on g.sign and q4, g.sign is used as the controlling bit, q4 is used as the
controlled bit, and the quantum state of the g.sign bit is a |0) state. After the CNOT gate operation, the quantum state
|0) of the controlled bit g4 remains unchanged.

[0074] Since the quantum state of q, after execution of the CNOT gate operation is a |0) state, the quantum state
evolution corresponding to the complement operation is not executed on the minuend quantum state. The principle is
that when the minuend is a positive number, there is no need to complement it in the subtraction operation, or in other
words, its complement is itself, i.e. the 10011) can be directly used as the first complement quantum state.

[0075] Finally, the CNOT gate can be executed again on the current g.sign and qg4. The quantum state of the g.sign
bit is a |0)state. After the CNOT gate operation, the quantum state |0) of the controlled bit g4 remains unchanged, and
q4 is restored to the |0) state, thereby releasing information stored in the third auxiliary qubit. It can be seen that the
value 0011 contained in the first complement quantum state is the complement of the minuend 0011.

[0076] As shown in FIG.9, q; is the second preset auxiliary qubit, which is used for controlling whether to execute
complement operation; the first target quantum state is g, and g.sign is the sign-bit sub-quantum state in the first target
quantum state, the remaining of g is the value bit sub-quantum state representing the data value, j is the second preset
auxiliary qubit, that is, an auxiliary qubit set to a value of 1, and p is an auxiliary qubit used by the adder (the first preset
auxiliary qubit described below).

[0077] The quantum circuit shown in FIG.9 realizes the quantum circuit of the complement operation on g. First, the
CNOT gate operation is executed on g.sign and g4, so that q, temporarily represents g.sign, and q is used for controlling
whether to execute the complement operation. After finding the complement, restore q, thereby controlling the minuend
quantum state to execute the quantum state evolution corresponding to the complement operation to obtain the first
complement quantum state.

[0078] Specifically, according to the sign-bit sub-quantum state of g, the second preset auxiliary qubit q4 is used for
controlling whether to execute the complement operation. If g is a negative number, the complement operation of the
negative number is executed. The complement of a negative number is to increment by 1 after the bitwise inversion
except the sign bit. If the operation of bitwise inversion except the sign bit is realized by logic gates, it is only necessary
to execute X gates on all the value bits. Since increment by 1 is needed after inversion, therefore, by adding j and g, the
value of j is set to 1. The "p" is the auxiliary qubit of the adder, upon adding g and j after inverting the value bits, what
is stored on g is the value after the complement, then restore q, for the next use.

[0079] Example: when g is a negative number, "g.sign" is 1, and q, is also 1, and operations such as inversion need
to be executed, and when g is positive, g.signis 0, and g is also 0, then there is no need to further execute a complement
operation.

[0080] Executing the quantum state evolution corresponding to sign-bit-inversion on the sign-bit sub-quantum state
in the subtrahend quantum state, and according to the sign-bit sub-quantum state after inversion and the quantum state
of the second preset auxiliary qubit, controlling the current subtraction quantum state to execute the quantum state
evolution corresponding to the complement operation to obtain the second complement quantum state; wherein, the
second complement quantum state is a quantum state that includes the complement of the subtrahend data;

Specifically, the X gate operation can be executed on the second sign-bit-qubit corresponding to the sign-bit sub-
quantum state in the subtrahend quantum state, to obtain the inverted sign-bit sub-quantum state; wherein, it is also
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reasonable and feasible to substitute the X gate with other existing quantum logic gates or combinations of quantum
logic gates that are equivalent;

Similarly, continue to execute the CNOT gate operation on the current second sign-bit-qubit and the second preset
auxiliary qubit, wherein the second sign-bit-qubit is a controlling bit, and the second preset auxiliary qubit is a
controlled bit;

According to the current quantum state of the second preset auxiliary qubit after execution of the CNOT gate
operation, control whether the current subtrahend quantum state executes the quantum state evolution correspond-
ing to the complement operation;

If yes, invert the non-sign-bit sub-quantum state of the current subtrahend quantum state, and execute quantum
addition operation on the subtrahend quantum state after inversion and the quantum state |1) of the second preset
auxiliary qubit, to obtain the evolved second complement quantum state, otherwise, the current subtrahend quantum
state is used as the second complement quantum state;

Execute a CNOT gate operation on the current second sign-bit-qubit and the second preset auxiliary qubit to restore
the current quantum state of the second preset auxiliary qubit; wherein, the second sign-bit-qubit is a controlling bit,
and the second preset auxiliary qubit is a controlled bit.

[0081] For Example: the minuend quantum state is assumed to be |0100). The sign-bit sub-quantum state of |0100)
is the highest bit sub-quantum state, that is, the state |0), the value of this bit is 0, the corresponding second sign-bit-
qubit is set to b.sign, and the current third auxiliary qubit is restored to state |0).

[0082] First, X gate may be executed on h.sign, invert the corresponding sign-bit sub-quantum state |0) to |1), and the
subtrahend quantum state becomes |1100).

[0083] Continue to execute the CNOT gate operation on h.sign and q4, h.sign is used as the controlling bit, q4 is used
as the controlled bit, the quantum state of the current h.sign bit is the state |1), and after the CNOT gate operation, the
quantum state |0) of the controlled bit q4 is inverted to |1) state.

[0084] The quantum state of q4 after execution of the CNOT gate operation is a |1) state, and the quantum state
evolution corresponding to the complement operation is executed on the current subtrahend quantum state |[1100) . An
implementation of the quantum state evolution corresponding to the complement operation is as follows:

Invert the current subtrahend quantum state |1100), and execute quantum addition operation on the subtrahend quantum
state |[1011) after inversion and the quantum state |1) of the second preset auxiliary qubit to obtain the evolved second
complement quantum state |1100).

[0085] Here, the non-sign-bit sub-quantum state |100) of |1100) can be inverted by execution of a X gate; in order to
keep the dimensions consistent, the second preset auxiliary qubits is a preset 4-bit qubit "m3, m2, m1, m0". The quantum
state |1) of the second preset auxiliary qubit is actually written as |0001), the two are equivalent.

[0086] Finally, the CNOT gate can be executed again on the current h.sign and q4. The quantum state of the h.sign
bit is a state |1). After the CNOT gate operation, the quantum state 11) of the controlled bit q, is inverted to |0), thereby
restoring g, to the initial state again |0)state, releasing the storage space of q4. It can be seen that the value 1100
contained in the second complement quantum state is the complement of the subtrahend 1100 after executing the X
gate on h.sign.

[0087] In this embodiment, similarly for the second target quantum state h. Initially, executing X gate on j o, is to set
the value to 1, and executing X gate on the sign-bit sub-quantum state h.sign in the second target quantum state is to
turn subtraction into addition. As shown in FIG.10, FIG. 10 is a schematic illustration of the quantum state evolution
corresponding to the complement operation on g and h, with reference to a similar pattern to the above, the quantum
state evolution corresponding to the complement operation for the second target quantum state h is executed to get the
second complement quantum state.

[0088] Executing a quantum addition operation on the first complement quantum state and the second complement
quantum state, to evolve the first complement quantum state into a fifth target quantum state including the sum of the
complement of the minuend data and the complement of the subtrahend data;

For Example: a quantum addition operation is executed on the first complement quantum state |0011)and the second
complement quantum state |1100) to evolve the first complement quantum state |0011)into the fifth target quantum state
[1111).

[0089] In this embodiment, after the complement is obtained, the addition operation is executed on g and h. After the
addition, the previous operation is restored, and the value stored in g is the desired value. Substituting the first complement
quantum state and the second complement quantum state into the quantum circuit of the adder, to execute a quantum
addition operation, thereby evolving the first complement quantum state to a third target quantum state including the
sum of the complement of the minuend data and the complement of the subtrahend data.

[0090] According to the sign-bit sub-quantum state in the fifth target quantum state and the quantum state of the
second preset auxiliary qubit, control the fifth target quantum state to execute the quantum state evolution corresponding
to the complement operation, and obtain the evolved sixth target quantum state which is output as the subtraction result

14



10

15

20

25

30

35

40

45

50

55

EP 4 224 308 A1

of subtracting the subtrahend data from the minuend data; wherein, the sixth target quantum state is a quantum state
including the complement of the complement sum;

For Example: according to the sign-bit sub-quantum state |1) in the current fifth target quantum state [1111) and the
current quantum state |0) of the second preset auxiliary qubit, control the fifth target quantum state |1111) to execute
the quantum state evolution corresponding to the complement operation, and obtain the evolved sixth target quantum
state |[1001) including the value 1001 (decimal -1), which is the subtraction result of subtracting the subtrahend 0100
(decimal 4) contained in the subtrahend quantum state |0100) from the minuend 0011 (decimal 3) contained in the
minuend quantum state |0011).

[0091] It is to be noted that the quantum state evolution corresponding to the complement operation can be in the
same way as the above. After the evolution, the quantum state of the second preset auxiliary qubit is still restored to |0)
to facilitate subsequent computing.

[0092] According to the sign-bit sub-quantum state in the current subtrahend quantum state and the quantum state
of the current second preset auxiliary qubit, control the current subtrahend quantum state to execute the quantum state
evolution corresponding to the complement operation, and execute quantum state evolution corresponding to sign-bit-
invertion for the sign-bit sub-quantum state in the current subtrahend quantum state, so as to restore the current sub-
trahend quantum state.

[0093] For Example: the current subtrahend quantum state is the second complement quantum state |[11100), and
the current quantum state of the second preset auxiliary qubit is |0). Continue to follow a similar pattern to the above to
control |1100) to execute the quantum state evolution corresponding to the complement operation, and obtain the evolved
|1100), and then use the X-gate operation to invert its sign-bit sub-quantum state , and restore it to the original subtrahend
quantum state |0100).

[0094] In this embodiment, after the addition operation, the quantum state evolution corresponding to the complement
operation is further executed on the third target quantum state of the sum of the complement of the minuend data and
the complement of the subtrahend data. As shown in FIG.11, first, the purpose of executing an X gate on j [0] is to set
the value of j oy to 1, which is convenient for the +1 operation in the complement operation. The reason for executing
the X gate operation on the sign bit of h is to transform g-h to g+(-h). Then, we execute complement processing on both
g and h. After the processing is completed, add the complements of g and h; upon obtaining the result thereof, we
execute once again a complement operation on g and h to restore them to normal values. Finally, we restore the initial
operation, that is to restore the auxiliary qubits and to execute two X gates. Accordingly, the quantum circuit diagram of
the entire subtractor as shown in Fig. 12 is formed, which is a simple functional example.

[0095] Another embodiment of the present disclosure provides a quantum addition device, as shown in FIG. 13, the
device includes:

An operation data obtaining module 11301, configured for obtaining an addition instruction and two target data to
be operated, and transform the two target data into two target quantum states;

A cascading module determination module 11302, configured for determining the target module numbers of the
front-cascading module MAJ module to be cascaded and the rear-cascading module UMA module to be cascaded
according to the bit numbers of each qubit in the target quantum state number, wherein the number of the MAJ
modules equals to the number of the UMA modules;

A quantum circuit generating module 11303, configured to cascade the MAJ modules in the target module number
with the UMA modules in the target module number according to the addition instruction, to generate a target
quantum circuit corresponding to the adder.

[0096] A target quantum operation module 11304, configured to execute an addition operation on each qubit of the
two target quantum states through the target quantum circuit, generating and outputting a target quantum state result.
[0097] Further, the MAJ module is an MAJ quantum circuit, the UMA module is a UMA quantum circuit, and each of
the MAJ quantum circuit and the UMA quantum circuit includes two CNOT quantum logic gates and one TOFFOLI
quantum logic gate, and the device further includes a cascading module preset module:

Obtaining operation qubits corresponding to the two CNOT quantum logic gates and one TOFFOLI quantum logic
gate, a control relationship between the operation qubits, and a timing relationship between the two CNOT quantum
logic gates and the one TOFFOLI quantum logic gate; and

According to the operation qubits, the control relationship and the timing relationship, using the two CNOT quantum
logic gates and the one TOFFOLI quantum logic gate to construct and generate the MAJ quantum circuit or the
UMA quantum circuit as a corresponding MAJ module or a corresponding UMA module.

[0098] Further, at least one MAJ module is cascaded to form an MAJ cascading module, at least one UMA module is
cascaded to form a UMA cascading module, and both the MAJ cascading module and the UMA cascading module
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include three input items and three output items, the quantum circuit generating module is further used for:

Said step "according to an addition instruction, cascading the MAJ modules and the UMA modules both in the target
module number, to generate a target quantum circuit corresponding to the adder" specifically includes:

According to the addition instruction, using three output items of an MAJ cascading module as three input items of a
corresponding UMA cascading module, so as to cascade the MAJ cascading module with the corresponding UMA
cascading module to generate a target quantum circuit corresponding to the adder.

[0099] Further, the three input items of the MAJ cascading module include a carry input item and two sub-quantum
state input items to be operated, and the three output items of the MAJ cascading module include a carry output item
and two intermediate result output items, the three input items of the UMA cascading module include a carry output item
and two intermediate result output items of a corresponding MAJ cascading module, and the three output items of the
UMA cascading module include a result carry output item, an accumulation and output item, and a sub-quantum state
input item to be operated, the quantum circuit generating module is further used for:

According to the addition instruction, the carry output item output by the previous MAJ module and the two sub-
quantum state input items to be operated are used as three input items of the next MAJ module, so that the MAJ
modules in the target module number are cascaded to generate the MAJ cascading module;

using two intermediate result output items of an MAJ module as two input items of a corresponding UMA module,
obtaining a previous UMA module preceeding the corresponding UMA module, and using the result carry output
item of the previous UMA module as an input item of the corresponding UMA module, so as to cascade MAJ modules
in the target module number and the UMA modules in the target module number to generate the initial quantum
circuit, wherein the carry output item of the last MAJ module is used as an input item to the corresponding first UMA
module;

Using the three output items of an MAJ cascading module as three input items of a corresponding UMA cascading
module, to cascade the MAJ cascading module with the corresponding UMA cascading module to generate the
initial quantum circuit;

Adding a CNOT quantum logic gate between the last MAJ cascading module and the corresponding first UMA
cascading module in the initial quantum circuit, wherein the qubit corresponding to the carry output item of the MAJ
cascading module is used as the controlling bit, and the preset carry auxiliary qubit is used as the controlled bit, so
as to generate the target quantum circuit of the adder.

[0100] As mentioned above, here, preferably, the device includes:

An operation data obtaining module, configured for: obtaining the minuend data and the subtrahend data to be
operated, transforming the minuend data into a first target quantum state, and transforming the subtrahend data
into a second target quantum state; wherein each of the first target quantum state and the second target quantum
stateincludes: a sign-bit sub-quantum state representing the data sign and a value bit sub-quantum state representing
the data value;

A first quantum state evolution module, configured for: obtaining the quantum state of the second preset auxiliary
qubit, and according to the sign-bit sub-quantum state in the first target quantum state and the quantum state of the
second preset auxiliary qubit, controlling the first target quantum state to execute quantum state evolution corre-
sponding to the complement operation, to obtain the first complement quantum state; wherein the first complement
quantum state is the quantum state including the complement of the minuend data;

A second quantum state evolution module, configured for: executing quantum state evolution corresponding to sign-
bit-inversion on the sign-bit sub-quantum state in the second target quantum state, and according to the inverted
sign-bit sub-quantum state and the quantum state of the second preset auxiliary qubit, controlling the current second
target quantum state to execute quantum state evolution corresponding to the complement operation, to obtain the
second complement quantum state; wherein the second complement quantum state is the quantum state including
the complement of the subtrahend data;

A third quantum state evolution module, configured for: executing quantum state evolution corresponding to the
addition operation on the first complement quantum state and the second complement quantum state, so as to
evolute the first complement quantum state into a third target quantum state including the sum of the complement
of the minuend data and the complement of the subtrahend data;

A target quantum operation module, configured for: according to the sign-bit sub-quantum state in the third target
quantum state and the quantum state of the second preset auxiliary qubit, controlling the third target quantum state
to execute a quantum state evolution corresponding to the complement operation, to obtain and output an evoluted
fourth target quantum state as the subtraction operation result of subtracting the subtrahend data from the minuend
data; wherein the fourth target quantum state is a quantum state including the complement of the sum of the
complements;
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As mentioned above, here, preferably, further to the target quantum operation module, the device further includes:
A restoration module, configured for: according to the sign-bit sub-quantum state in the current second target
quantum state and the quantum state of the current second preset auxiliary qubit, controlling the current second
target quantum state to execute quantum state evolution corresponding to the complement operation, and executing
quantum state evolution corresponding to sign-bit-inversion on the sign-bit sub-quantum state in the current second
target quantum state, so as to restore the current second target quantum state.

[0101] As mentioned above, here, preferably, the first quantum state evolution module is specifically configured for:

Executing a CNOT gate operation on the first sign-bit-qubit corresponding to the sign-bit sub-quantum state in the
first target quantum state and the second preset auxiliary qubit, wherein the first sign-bit-qubit is a controlling bit,
and the second preset auxiliary qubit is a controlled bit;

According to the quantum state of the second preset auxiliary qubit after execution of the CNOT gate operation,
controlling whether the current first target quantum state executes the quantum state evolution corresponding to
the complement operation;

if yes, inverting the non-sign-bit sub-quantum state of the first target quantum state, and executing quantum state
evolution corresponding to addition operation on the inverted first target quantum state and the quantum state |1)
of the second preset auxiliary qubit, to obtain the evolved first complement quantum state, otherwise, using the first
target quantum state as the first complement quantum state;

Executing a CNOT gate operation on the current first sign-bit-qubit and the second preset auxiliary qubit to restore
the quantum state of the current second preset auxiliary qubit; wherein, the first sign-bit-qubit is a controlling bit,
and the second preset auxiliary qubit is a controlled bit.

[0102] The above-described embodiments can be summarized as follows.

C11. A method for quantum addition operation, characterized by including: obtaining an addition instruction and two
target data to be operated, and transforming the two target data into two target quantum states; according to the bit
numbers of each qubit in the target quantum state, determining the target module number of the front-cascading
module MAJ module to be cascaded and the target module number of the rear-cascading module UMA module to
be cascaded, wherein the number of the MAJ modules equals to the number of the UMA modules; according to the
addition instruction, cascading the MAJ modules and UMA modules in the target module number to generate a
target quantum circuit corresponding to the adder; and executing an addition operation on each qubit of the two
target quantum states through the target quantum circuit to generate and output a target quantum state result.
C12. A method for quantum addition operation according to C11, characterized by including: the MAJ module is an
MAJ quantum circuit, the UMA module is a UMA quantum circuit, and each of the MAJ quantum circuit and the UMA
quantum circuit includes two CNOT quantum logic gates and one TOFFOLI quantum logic gate, the method further
includes, before the step "according to an addition instruction, cascading the MAJ modules and the UMA modules
both in the target module number, to generate a target quantum circuit corresponding to the adder": obtaining
operation qubits corresponding to the two CNOT quantum logic gates and one TOFFOLI quantum logic gate, a
control relationship between the operation qubits, and a timing relationship between the two CNOT quantum logic
gates and the one TOFFOLI quantum logic gate; and according to the operation qubits, the control relationship and
the timing relationship, using the two CNOT quantum logic gates and the one TOFFOLI quantum logic gate to
construct and generate the MAJ quantum circuit or the UMA quantum circuit as a corresponding MAJ module or a
corresponding UMA module.

C13. A method for quantum addition operation according to C11 or C12, characterized in that at least one of the
MAJ modules are cascaded to form an MAJ cascading module, at least one of the UMA modules are cascaded to
form a UMA cascading module, and both the MAJ cascading module and the UMA cascading module include three
input items and three output items; said step "according to an addition instruction, cascading the MAJ modules and
the UMA modules in the target module number to generate a target quantum circuit corresponding to the adder"
specifically includes according to the addition instruction, using three output items of an MAJ cascading module as
three input items of a corresponding UMA cascading module, so as to cascade the MAJ cascading module with the
corresponding UMA cascading module to generate a target quantum circuit corresponding to the adder.

C14. The method for quantum addition operation according to any one of C11-C13, characterized in that the three
input items of the MAJ cascading module include a carry input item and two sub-quantum state input items to be
operated, and the three output items of the MAJ cascading module include a carry output item and two intermediate
result output items, the three input items of the UMA cascading module include a carry output item and two inter-
mediate result output items of a corresponding MAJ cascading module, and the three output items of the UMA
cascading module include a result carry output item, an accumulation and output item and a sub-quantum state
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input item to be operated, said step "according to an addition instruction, three output items of an MAJ cascading
module are used as three input items of a corresponding UMA cascading module, so as to cascade the MAJ
cascading module with the corresponding UMA cascading module, thereby generating the target quantum circuit
corresponding to the adder" specifically includes: according to the addition instruction, the carry output item output
by the previous MAJ module and the two sub-quantum state input items to be operated are used as three input
items of the next MAJ module, so that the MAJ modules in the target module number are cascaded to generate the
MAJ cascading module; using two intermediate result output items of an MAJ module as two input items of a
corresponding UMA module, obtaining a previous UMA module preceeding the corresponding UMA module, and
using the result carry output item of the previous UMA module as an input item of the corresponding UMA module,
so as to cascade the MAJ modules in the target module number and the UMA modules in the target module number
to generate the UMA cascading module, wherein the carry output item of the last MAJ module is used as an input
item to the corresponding first UMA module; using the three output items of an MAJ cascading module as three
inputitems of a corresponding UMA cascading module, to cascade the MAJ cascading module with the corresponding
UMA cascading module to generate the initial quantum circuit; adding a CNOT quantum logic gate between the last
MAJ cascading module and the corresponding first UMA cascading module in the initial quantum circuit, wherein
the qubit corresponding to the carry output item of the MAJ cascading module is used as the controlling bit, and the
preset carry auxiliary qubit is used as the controlled bit, so as to generate the target quantum circuit of the adder.

C15. The method for quantum addition operation of any one of C11-C14, characterized in that, the method for
quantum addition operation further includes: obtaining the minuend data and the subtrahend data to be operated,
transforming the minuend data into a first target quantum state, transforming the subtrahend data into a second
target quantum state; wherein each of the first target quantum state and the second target quantum state includes
a sign-bit sub-quantum state representing the data sign and a value bit sub-quantum state representing the data
value; obtaining a quantum state of a second auxiliary qubit, and according to the sign-bit sub-quantum state in the
first target quantum state and the quantum state of the second auxiliary qubit, controlling the first target quantum
state to execute quantum state evolution corresponding to the complement operation ,to obtain a first complement
quantum state; wherein the first complement quantum state is a quantum state including the complement of the
minuend data; executing quantum state evolution corresponding to sign-bit-inversion on sign-bit sub-quantum state
in the second target quantum state, and according to the inverted sign-bit sub-quantum state and the quantum state
of the second preset auxiliary qubit, controlling the current second target quantum state to execute quantum state
evolution corresponding to complement operation, to obtain a second complement quantum state;wherein the second
complement quantum state is a quantum state including the complement of the subtrahend data; executing quantum
addition operation on the first complement quantum state and the second complement quantum state, to evolve the
first complement quantum state into a third target quantum state including the sum of the complement of the minuend
data and the complement of the subrahend data; according to the sign-bit sub-quantum state in the third target
quantum state and the quantum state of the second preset auxiliary qubit, controlling the third target quantum state
to execute the quantum state evolution corresponding to the complement operation, to obtain the evolved fourth
target quantum state which is output as the subtraction result of subtracting the subtrahend data from the minuend
data; wherein the fourth target quantum state is a quantum state including the complement of the sum of the
complements.

C16. A method for quantum addition operation according to any one of C11-C15, characterized in that the method
further includes, after said step "controlling the third target quantum state to execute the quantum state evolution
corresponding to the complement operation, to obtain the evolved fourth target quantum state": according to the
sign-bit sub-quantum state in the current second target quantum state and the quantum state of the current first
preset auxiliary qubit, controlling the current second target quantum state to execute quantum state evolution cor-
responding to the complement operation, and executing quantum state evolution corresponding to sign-bit-inversion
on the sign-bit sub-quantum state in the current second target quantum state, so as to restore the current second
target quantum state.

C17. A method for quantum addition operation according to any one of C11-C16, characterized in that: said step
"according to the sign-bit sub-quantum state in the first target quantum state and the quantum state of the second
preset auxiliary qubit, controlling the first target quantum state to execute quantum state evolution corresponding
to the complement operation" specifically includes: executing a CNOT gate operation on the first sign-bit-qubit
corresponding to the sign-bit sub-quantum state in the first target quantum state and the second preset auxiliary
qubit, wherein the first sign-bit-qubit is a controlling bit, and the second preset auxiliary qubit is a controlled bit;
according to the quantum state of the second preset auxiliary qubit after execution of the CNOT gate operation,
controlling whether the current first target quantum state executes the quantum state evolution corresponding to
the complement operation; if yes, inverting the non-sign-bit sub-quantum state of the first target quantum state, and
executing quantum addition operation on the inverted first target quantum state and the quantum state 11) of the
second preset auxiliary qubit, to obtain the evolved first complement quantum state, otherwise, using the first target
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quantum state as the first complement quantum state; and executing a CNOT gate operation on the current first
sign-bit-qubit and the second preset auxiliary qubit to restore the quantum state of the current second preset auxiliary
qubit; wherein, the first sign-bit-qubit is a controlling bit, and the second preset auxiliary qubit is a controlled bit.
C18. A device for quantum addition operation, characterized in that the device includes: an operation data obtaining
module, configured for: obtaining an addition instruction and two target data to be operated, and transforming the
two target data into two target quantum states; a cascading module determination module, configured for: according
to the bit numbers of each qubit in the target quantum state, determining the target module number of the front-
cascading module MAJ module to be cascaded and the target module number of the rear-cascading module UMA
module to be cascaded, wherein the number of the MAJ modules equals to the number of the UMA modules; a
quantum circuit generating module, configured for: according to the addition instruction, cascading the MAJ modules
and UMA modules in the target module number to generate a target quantum circuit corresponding to the adder;
and a target quanum operation module, configured for: executing an addition operation on each qubit of the two
target quantum states through the target quantum circuit to generate and output a target quantum state result.
C19. Anelectronicdevice, includinga memory having a computer program stored therein, and a processor configured
to execute the computer program to perform the method of any one of C11-C17.

C110. A storage medium, characterized in that a computer program is stored in the storage medium, wherein the
computer program is configured to execute any one of the methods in C11-C17 when running.

[0103] Yet another embodiment of the present disclosure provides an electronic device, including a memory having
a computer program stored therein, and a processor configured to execute the computer program to perform the above
steps and method.

[0104] Still another embodiment of the present disclosure provides a storage medium, in which a computer program
is stored, and the computer program is configured to execute the above method steps when running.

[0105] Compared with the prior art, the method for quantum addition operation provided in the present disclosure
obtains the addition instruction and the two target data to be operated, and transforms the two target data into two target
quantum states; determines the target module number of the front-cascading module MAJ module to be cascaded and
the target module number of the rear-cascading module UMA module to be cascaded according to the bit numbers of
each qubit in the target quantum state, wherein the number of the MAJ modules equals to the number of the UMA
modules; cascades the MAJ modules and UMA modules in the target module number according to the addition instruction
to generate a target quantum circuit corresponding to the adder; and executes an addition operation on each qubit of
the two target quantum states through the target quantum circuit to generate and output a target quantum state result.
Thereby, the disclosure realizes a basic arithmetic operation that can be used in quantum circuits, and fills the gap in
the related art.

[0106] Embodiment 1 of the present disclosure provides a quantum subtraction method, as shown in FIG. 14, the
method includes:

S2201. Obtaining the minuend data and the subtrahend data to be operated, transforming the minuend data into a
first target quantum state, and transforming the subtrahend data into a second target quantum state; wherein each
of the first target quantum state and the second target quantum state includes: a sign-bit sub-quantum state repre-
senting the data sign and a value bit sub-quantum state representing the data value;

Specifically, existing amplitude encoding methods can be used for transforming the decimal data to be operated
into a binary quantum state representation. For example, the minuend data is 7, the signed binary expression thereof
is 0111, the highest bit is 0 for positive numbers, and 1 for negative numbers; the subtrahend data is 4, and the
signed binary expression thereof is 011.

[0107] Obtain at least 4 qubits "a.sign", "a2", "a1" and "a0"; encode 7 to the first target quantum state |0111) of "a.sign,
a2, a1, a0"; and set the amplitude of the quantum state to 1. Here, |0111) = |0)|1)|1)|1), where |0), |1), |1), |1) are called
sub-quantum state s of [0111), one sub-quantum state corresponding to one qubit. Here, "from right to left" meaning
"from high to low", where the highest bit corresponds to "a.sign", the third bit corresponds to "a2", the second bit corre-
sponds to "a1", and the lowest bit corresponds to "a0"; the highest bit 10) representing the sign-bit sub-quantum state ,
and the remaining bits represent the sub-quantum state s of the value bits. In order to unify the operation dimensions,
additionally obtain 4 qubits "b.sign", "b2", "b1" and "b0", and encode "4" into the second target quantum state |0100) of
"b.sign, b2, b1, b0", the amplitude of which also being 1.

[0108] This embodimentitis mainly used for implementing the function of a subtractor. An MAJor difference between
the subtractor and the adder to be described is that, the subtractor generates negative numbers. Accordingly, a binary
processing method is used, where the positive and negative signs of a numerical value are expressed by adding a sign
bit to each of the subtrahend and the minuend, and operation thereof are executed using complements: for a positive
number, a complementthereof remains unchanged, while for a negative number, a complement thereof is bitwise inverted
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except for the sign bit thereof, and then is incremented by 1. In the case of a quantum circuit, the sign bit is used for
controlling whether to execute the complement operation, an X gate may be used for the inversion operation, and the
"increment by 1" may be implemented with an adder. When an operation is finished in the manner of complements, an
additional complement operation is further executed on a result of the operation, to obtain a target value. The minuend
data and the subtrahend data are obtained, and are respectively transformed into a first target quantum state and a
second target quantum state, where each of the first target quantum state and the second quantum state includes a
sign-bit sub-quantum state representing the data sign and a value bit sub-quantum state representing the data value.
[0109] S2202. Obtaining the quantum state of the first preset auxiliary qubit, and according to the sign-bit sub-quantum
state in the first target quantum state and the quantum state of the first preset auxiliary qubit, controlling the first target
quantum state to execute quantum state evolution corresponding to the complement operation, to obtain the first com-
plement quantum state; wherein the first complement quantum state is the quantum state including the complement of
the minuend data;

[0110] Specifically, said "according to the sign-bit sub-quantum state in the first target quantum state and the quantum
state of the first preset auxiliary qubit, controlling the first target quantum state to execute quantum state evolution
corresponding to the complement operation" may include executing a CNOT gate operation on a first sign-bit-qubit
corresponding to the sign-bit sub-quantum state in the first target quantum state, and on the first preset auxiliary qubit,
wherein the first sign-bit-qubit is a controlling bit and the first preset auxiliary qubit is a controlled bit. Moreover, it is
reasonable and feasible to substitute the CNOT gate with other existing quantum logic gates or combinations of logic
gates that are equivalent.

[0111] According to the quantum state of the second preset auxiliary qubit after execution of the CNOT gate operation,
control whether the current minuend quantum state executes the quantum state evolution corresponding to the comple-
ment operation;

if yes, inverting the non-sign-bit sub-quantum state of the first target quantum state, and executing quantum state
evolution corresponding to addition operation on the inverted first target quantum state and the quantum state |1)
of the second preset auxiliary qubit, to obtain the evolved first complement quantum state, otherwise, using the first
target quantum state as the first complement quantum state;

Executing a CNOT gate operation on the current first sign-bit-qubit and the second preset auxiliary qubit to restore
the quantum state of the current second preset auxiliary qubit; wherein, the first sign-bit-qubit is a controlling bit,
and the second preset auxiliary qubit is a controlled bit.

[0112] For Example: assume the first target quantum state is |0011). The sign-bit sub-quantum state of |0011) is the
highest bit sub-quantum state , that is, the |0) state, the value of this bit is 0, the corresponding first sign-bit-qubit is set
to a.sign, and the first preset auxiliary qubit is the preset qubit q4, which is initially a |0) state.

[0113] Execute a CNOT gate operation on a.sign and q4, where a.sign is used as the controlling bit, g, is used as the
controlled bit, the quantum state of the a.sign bit being |0) state. After the CNOT gate operation, the quantum state |0)
of the controlled bit q4 remains unchanged.

[0114] Since the quantum state of q; after execution of the CNOT gate operation is a |0)state, the quantum state
evolution corresponding to the complement operation is not executed on the first target quantum state. The principle is
that: when the minuend is a positive number, there is no need to complement it in the subtraction operation, or in other
words, its complement is itself. The |0011) may be directly used as the first complement quantum state.

[0115] Finally, the CNOT gate can be executed again on the current a.sign and q4. The quantum state of the a.sign
bit is a 10) state. After the CNOT gate operation, the quantum state |0) of the controlled bit q4 remains unchanged, and
the state |0) of g, is restored, thereby releasing the information stored in the first preset auxiliary qubit. It can be seen
that the value 0011 contained in the first complement quantum state is the complement of the minuend 0011.

[0116] As shown in FIG. 15, q4 is the first preset auxiliary qubit, which is used for controlling whether to execute the
complement operation. The first target quantum state is "a", and "a.sign" is the sign-bit sub-quantum state in the first
target quantum state, the remaining part of "a" is the value bit sub-quantum state s representing the data value. The "j"
is the second preset auxiliary qubit, an initial state thereof is a 0 state, which is set to a 1 state by the X gate before the
complement operation. The "t" is an auxiliary qubit used by the adder (the third preset auxiliary qubit to be described
below), an initial state thereof os a O state.

[0117] The quantum circuit shown in FIG. 15 implements a quantum circuit that executes a complement operation on
"a". Firstly, a CNOT gate operation is executed on "a.sign" and q,, so that q, temporarily represents "a.sign", and use
q4 for controlling whether to execute the complement operation. Then, after finishing the complement operation, restore
q4. As such, the first target quantum state is controlled to execute quantum state evolution corresponding to the com-
plement operation, and the first complement quantum state is obtained.

[0118] Specifically, according to the sign-bit sub-quantum state of a, the first preset auxiliary qubit q; is used for
controlling whether to execute the complement operation. If a is a negative number, the complement operation of the
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negative number is executed. The complement of a negative number is to increment by 1 after the bitwise inversion
except the sign bit. If the operation of bitwise inversion except the sign bit is realized by logic gates, it is only necessary
to execute X gates on all the value bits. Since increment by 1 is needed after inversion, therefore, by adding j and a, the
current value of j is set to 1. The "t" is the auxiliary qubit of the adder, upon adding a and j after inverting the value bits,
what is stored on a is the value after the complement, then restore q, for the next use.

[0119] For example: when "a" is a negative number, "a.sign" is 1, and therefore q, is also 1, then operations such as
inversion is needed. Otherwise, when a is positive, "a.sign" is 0, and therefore q is also 0, then there is no need for the
complement operation.

[0120] S2203. Executing quantum state evolution corresponding to sign-bit-inversion on the sign-bit sub-quantum
state in the second target quantum state, and according to the inverted sign-bit sub-quantum state and the quantum
state of the first preset auxiliary qubit, controlling the current second target quantum state to execute quantum state
evolution corresponding to the complement operation, to obtain the second complement quantum state; wherein the
second complement quantum state is the quantum state including the complement of the subtrahend data.

[0121] Specifically, the X gate operation can be executed on the second sign-bit-qubit corresponding to the sign-bit
sub-quantum state in the second target quantum state to obtain the inverted sign-bit sub-quantum state ; wherein, it is
also reasonable and feasible to substitute the X gate with other existing quantum logic gates or combinations of quantum
logic gates that are equivalent;

Similarly, continue to execute the CNOT gate operation on the current second sign-bit-qubit and the first preset auxiliary
qubit, wherein the second sign-bit-qubit is a controlling bit, and the first preset auxiliary qubit is a controlled bit;
According to the current quantum state of the first preset auxiliary qubit after execution of the CNOT gate operation,
control whether the current second target quantum state executes the quantum state evolution corresponding to the
complement operation;

if yes, invert the non-sign-bit sub-quantum state of the current second target quantum state, and for the inverted second
target quantum state and the quantum state |1) of the second preset auxiliary qubit, execute quantum state evolution
corresponding to the addition operation, to obtain the evolved second complement quantum state, otherwise, use the
current second target quantum state as the second complement quantum state;

Execute a CNOT gate operation on the current second sign-bit-qubit and the first preset auxiliary qubit to restore the
current quantum state of the first preset auxiliary qubit; wherein, the second sign-bit-qubit is a controlling bit, and the
first preset auxiliary qubit is a controlled bit.

[0122] For Example: the second target quantum state is assumed to be |0100). The sign-bit sub-quantum state of
|0100) is the highest bit sub-quantum state , that is, the state |0), the value of this bit is 0, the corresponding second
sign-bit-qubit is set to "b.sign", and the current third auxiliary qubit is restored to state |0).

[0123] First of all, an X gate may be executed on "b.sign", to invert the corresponding sign-bit sub-quantum state |1)
into |0), turning the second target quantum state into |1100).

[0124] Continue to execute the CNOT gate operation on "b.sign”and q,, where "b.sign" is used as the controlling bit,
q4 is used as the controlled bit. The current quantum state of the "b.sign"”bit is |1) state. After the CNOT gate operation,
the quantum state |0) of the controlled bit q is inverted as |1) state.

[0125] The quantum state of q4 after execution of the CNOT gate operation is |1) state, and therefore quantum state
evolution corresponding to the complement operation is executed on the current second target quantum state |1100).
An implementation of the quantum state evolution corresponding to the complement operation is as follows:

Invert the non-sign-bit sub-quantum state of the current second target quantum state |1100), and execute the quantum
state evolution corresponding to the addition operation on the inverted second target quantum state |[1011) and the
quantum state |1) of the second preset auxiliary qubit, to obtain the evolved second complement quantum state |1100).
[0126] Here, the non-sign-bit sub-quantum state |100) of |1100) can be inverted by execution of a X gate; in order to
keep the dimensions consistent, the second preset auxiliary qubit j is the preset 4-bit qubit “j (35, j 127, J [1, J [o]"- The
quantum state |1) of the second preset auxiliary qubit is actually written as |0001), the two are equivalent.

[0127] Finally, the CNOT gate can be executed again on the current "b.sign" and q4. The quantum state of the b.sign
bit is |1) state. After the CNOT gate operation, the quantum state 11) of the controlled bit q4 is inverted into |0), thereby
once again restoring g, to the initial state |0), releasing the storage space for q,. It can be seen that the value 1100
included in the second complement quantum state is the complement of the subtrahend 1100 after executing the X gate
on "b. sign".

[0128] In this embodiment, similarly for the second target quantum state b, the initial state of j is O state, the X gate is
initially executed on j 0] in order to set the value to 1, and the X gate is executed on the sign-bit sub-quantum state
"b.sign" in the second target quantum state to turn subtraction into addition. As shown in FIG. 16, which is a schematic
illustration of the quantum state evolution corresponding to the complement operation for a and b: referring to a similar
pattern to the above to execute the quantum state evolution corresponding to the complement operation for the second
target quantum state b, to obtain the second complement quantum state.

[0129] S2204. For the first complement quantum state and the second complement quantum state, executing quantum
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state evolution corresponding to the addition operation, so as to evolve the first complement quantum state into a third
target quantum state including the sum of the complement of the minuend data and the complement of said subtrahend
data;

For Example: for the first complement quantum state |0011)and the second complement quantum state |1100), executing
quantum state evolution corresponding to the addition operation, to evolve the first complement quantum state |0011)
into the fifth target quantum state |1111).

[0130] In this embodiment, after the complement operation is executed, the addition operation is executed on "a" and
"b", and the previous operation is restored after the addition. Accordingly, what is stored in "a" is what is required.
Substituting the first complement quantum state and the second complement quantum state into the quantum circuit of
the adder, to execute a quantum state evolution corresponding to the addition operation, thereby evolving the first
complement quantum state into the third target quantum state incuding the sum of the complement of the minuend data
and the complement of the subtrahend data.

[0131] S2205. According to the sign-bit sub-quantum state in the third target quantum state and the quantum state of
the first preset auxiliary qubit, controlling the third target quantum state to execute a quantum state evolution corre-
sponding to the complement operation, to obtain and output an evoluted fourth target quantum state as the subtraction
operation result of subtracting the subtrahend data from the minuend data; wherein the fourth target quantum state is
a quantum state including the complement of the sum of the complements.

[0132] For Example: according to he sign-bit sub-quantum state |1) in the current fifth target quantum state [1111)
and the quantum state |0) of the current first preset auxiliary qubit, control the fifth target quantum state |[1111) to execute
the quantum state evolution corresponding to the complement operation, to obtain the evolved sixth target quantum
state [1001) which includes a value of 1001 (decimal -1). That is, the result of subtracting the subtrahend 0100 (decimal
4) included in the second target quantum state |0100) from the minuend 0011 (decimal 3) included in the first target
quantum state |0011).

[0133] It is to be noted that the quantum state evolution corresponding to the complement operation can be in the
same way as the above. After the evolution, the quantum state of the second preset auxiliary qubit is still restored to |0)
to facilitate subsequent computing.

[0134] Further, the embodiment may further include, after said step "controlling the third target quantum state to
execute the quantum state evolution corresponding to the complement operation, to obtain the evolved fourth target
quantum state": according to the sign-bit sub-quantum state in the current second target quantum state and the quantum
state of the current first preset auxiliary qubit, controlling the current second target quantum state to execute quantum
state evolution corresponding to the complement operation, and executing quantum state evolution corresponding to
sign-bit-inversion on the sign-bit sub-quantum state in the current second target quantum state, so as to restore the
current second target quantum state.

[0135] For Example: the current second target quantum state is the second complement quantum state |1100), and
the current quantum state of the first preset auxiliary qubit is 10). Continue to follow a similar pattern to the above to
control |1100) to execute the quantum state evolution corresponding to the complement operation, and obtain the evolved
|1100), and then use the X-gate operation to invert its sign-bit sub-quantum state , and restore it to the original second
target quantum state |0100).

[0136] Inthis embodiment, after the addition operation, the quantum state evolution corresponding to the complement
operation is further executed on the third target quantum state including the sum of the complement of the minuend data
and the complement of the subtrahend data. As shown in FIG. 17, after completing the complement operations on a
and b, we add the complements of "a" and "b". After obtaining the addition result on "a", execute the complement
operation once again on "a", to evolve "a" into the final subtraction result. Then we restore b by executing a complement
operation on "b" and inverting the sign bit of "b" through the X gate. In addition, we restore the first preset auxiliary qubit
g, through the last CNOT gate, and then invert jo; through the X gate and restore it to the initial O state, so as to obtain
from FIG. 16 and FIG. 17 the simple quantum circuit diagram of the entire subtractor shown in FIG. 18.

[0137] Further, the quantum state evolution corresponding to the addition operation may include:

S2301, according to the bit number of qubits corresponding to the two quantum states to be operated, determining the
target module number of the front-cascading modules (MAJ modules) to be cascaded and that of the rear-cascading
modules (UMA modules) to be cascaded, wherein the number of the MAJ modules equals to the number of the UMA
modules;

[0138] It can be seen from the foregoing that the two quantum states to be operated may be: the first complement
quantum state and the second complement quantum state; the inverted first target quantum state and the quantum state
|1) of the second preset auxiliary qubit.

[0139] For Example: as shown in FIG. 19, the first qubit in the circuit is the third preset auxiliary qubit, which is initially
|0) state and will eventually return to |0) state. The "e" and the "f" are quantum states corresponding to the data for
addition operation, each corresponding to a group of qubits. The "c" represents the final carry item, corresponding to
the preset carry auxiliary qubit. The "s" is the output bit and does not include a carry bit. Generally, it is generally required
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that the bit number of qubits corresponding to "e" equals to that corresponding to "f", and the bit number of "s" equals
to that of "e" and "f".

[0140] For Example: as shown in FIG. 20, e[; and fj; are respectively the i-th bit of the quantum state corresponding
to the two addends, and cy; is the previous-stage carry.

s ;= € i XOR f [ XOR c i,

¢ ri+11 = (e iy AND f i) XOR (e iy AND £ ;) XOR (e 7 AND fyp),

[0141] Here, the first qubit is the third preset auxiliary qubit, corresponding to ¢, in the quantum circuit. The first MAJ
module includes three input quantum states and three corresponding output quantum states, where the three input
quantum states are ¢, eg, and fy, and e is the Oth bit quantum state of the first quantum state to be operated, f; is the
0t bit quantum state of the second quantum state to be operated, ¢, is the quantum state of the third preset auxiliary
qubit, and the initial value is 0, that is to say there is no carry. The three output quantum states are respectively ey ®
Co, €9 @ fy and ¢4, and ¢, is the carry after the addition of ey and f,. Similarly, the three input quantum states of the next
MAJ module are c4, e4, and f;, and the three output quantum states are respectively e, ® ¢4, e, @ f;, and c,, and so on
to the last MAJ module.

[0142] For the first UMA module, it includes three input quantum states and three corresponding output quantum
states, where the three output quantum states of the MAJ module correspond to the three input quantum states of the
UMA module, and the three output quantum states are respectively c,, s, €y, Where sy is the carry-free result of adding
e and f,. Similarly, siis the carry-free result of adding e, and f;, and so on, the c, is the final carry item. It is to be noted
that, in practical applications, where there is no need to calculate the final carry, the qubit corresponding to c, does not
have to be provided in the quantum circuit.

[0143] Moreover, the number of the MAJ modules and the number of UMA modules can be determined according to
the number of sub-quantum state s contained in any quantum state to be operated, one sub-quantum state corresponding
to one qubit, wherein the number of the MAJ modules is equal to the number of UMA modules. What is shown in FIG.
20 is only an example, where 4 qubits are required for encoding each of "e" and "f’, and the number of MAJ modules
and that of UMA modules are both 4. The MAJ module and the UMA module constitute the front and rear cascading
units of the adder. The MAJ module can be used for extracting the carry term of any step, and pass it to the next stage
to calculate the final carry term. The UMA module not only extracts the information of "c" and transmits it to the previous-
stage UMA, but also calculates the "s" (result item) of each stage and recovers the information of "e".

[0144] For Example: When 4 (corresponding encoding is expressed in a 3-qubit quantum state as 100) + 2 (corre-
sponding encoding is expressed in a 3-qubit quantum state as 010) = 6 (corresponding encoding is expressed in a 3-
qubit quantum state as 110). At this time, the bit number of qubits encoding the operation result is the same as the bit
number of qubits encoding "e" or the bit number of qubits used for encoding "f, while the number of the MAJ modules
and the number of UMA modules are both 3.

[0145] For Example: When 4 (corresponding encoding is expressed in a 3-qubit quantum state as 100) + 7 (corre-
sponding encoding is expressed in a 3-qubit quantum state as 111) = 11 (corresponding encoding is expressed in a 3-
qubit quantum state as 011). However, it can be understood that the binary number corresponding to 11 is 1011, and
the bit where the leftmost 1 is located is a carry item, which can be represented by an auxiliary qubit. At this time, the
bit number of qubits encoding the operation result is greater than the bit number of qubits encoding "e" or the bit number
of qubits used for encoding "f", and the number of the MAJ modules and the number of UMA modules are both 3.
[0146] ForExample: when 2 (corresponding encoding is expressed in a 2-qubit quantum state as 10) + 4 (corresponding
encoding is expressed in a 3-qubit quantum state as 100) = 6 (corresponding encoding is expressed in a 3-qubit quantum
state as 110). At this time, the numerical item "3" encoding the numerical value of "6" equals to the number of quantum
states of the qubit encoding "b", and the number of the MAJ modules and the number of UMA modules are both 3.
[0147] S2302. According to an addition instruction, cascading the MAJ modules and the UMA modules both in the
target module number, to generate a target quantum circuit corresponding to the adder;

[0148] Here, the MAJ module and the UMA module each includes three input items and three output items; according
to the addition instruction, the three output items of an MAJ cascading module can be used as three inputs of a corre-
sponding UMA cascading module, so as to cascade the MAJ cascading module with the corresponding UMA cascading
module to generate a target quantum circuit corresponding to an adder. Here, the MAJ cascading module is determined
by cascading of MAJ modules in the target module number, and the UMA cascading module is determined by cascading
of UMA modules in the target module number.

[0149] Specifically, the three input items of the MAJ module include a carry input item and two sub-quantum state
input items to be operated, the three output items of the MAJ module include a carry output item and two intermediate

23



10

15

20

25

30

35

40

45

50

55

EP 4 224 308 A1

result output items. The three input items of the UMA module include a carry output item and two intermediate result
output items of the corresponding MAJ module, and the three output items of the UMA module include a result carry
output item, an accumulation output item and a sub-quantum state input item to be operated,

Then, according to the addition instruction, the carry output item output by the previous MAJ module and the two sub-
quantum state input items to be operated can be used as three input items of the next MAJ module, so that the MAJ
modules in the target module number are cascaded;

Using two intermediate result output items of an MAJ module as two input items of a corresponding UMA module,
obtaining a previous UMA module preceeding the corresponding UMA module, and using the result carry output item
of the previous UMA module as an input item of the corresponding UMA module, so as to cascade MAJ modules in the
target module number and the UMA modules in the target module number to generate the initial quantum circuit, wherein
the carry output item of the last MAJ module is used as an input item to the corresponding first UMA module;

Adding a CNOT quantum logic gate between the last MAJ module and the corresponding first UMA module in the initial
quantum circuit, wherein the qubit corresponding to the carry output item of the MAJ module is used as the controlling
bit, and the preset auxiliary qubit is used as the controlled bit, so as to generate the target quantum circuit of the adder.
If the carry item is not needed, the CNOT gate and the carry auxiliary qubit does not have to be provided.

[0150] In this embodiment, as shown in FIG. 20, according to the figure, use the three output bits of the MAJ module
as the three input bits of the UMA module, thereby cascading the same number of MAJ modules and UMA modules to
generate a target quantum circuit corresponding to an adder. Here, the hollow circles and solid circles connected in the
circuit diagram represent CNOT gate operations, the hollow circles correspond to qubits as controlling bits, and the solid
circles correspond to those as controlled bits.

[0151] Here, the MAJ module is an MAJ quantum circuit, the UMA module is a UMA quantum circuit, and each of the
MAJ quantum circuit and the UMA quantum circuit includes two CNOT quantum logic gates and one TOFFOLI quantum
logic gate, the embodiment further includes, before said step "cascading the MAJ modules in the target module number
with the UMA modules in the target module number, so as to generate a target quantum circuit corresponding to the
adder": obtaining operation qubits corresponding to the two CNOT quantum logic gates and one TOFFOLI quantum
logic gate, the control relationship between the operation qubits and the timing relationship between the two CNOT
quantum logic gates and one TOFFOLI quantum logic gate; according to the operation qubits, the control relationship
and the timing relationship, use the two CNOT quantum logic gates and one TOFFOLI quantum logic gate to construct
and generate the MAJ quantum circuit or the UMA quantum circuit as a corresponding MAJ module or a corresponding
UMA module.

[0152] In this embodiment, the MAJ module and the UMA module constitute the front and rear cascading units of the
adder. As shown in FIG.21, the MAJ module is used for extracting the carry item after each stage of addition and pass
it to the next stage, so as to calculate the final carry item. Here, as shown in FIG. 22, the MAJ module can be mainly
composed of three logic gates, namely two CNOT gates and one Toffoli gate. The function of a CNOT gate (the first
and second logic gates from left to right in FIG.22) is: adding the controlling bit to the target bit to form a modulo 2
addition, which is an exclusive OR operation, and obtaining (e; +c;) %2 and (e; +f;) %2, the order of the two CNOT gates
can be swapped. The function of the Toffoli gate (the third logic gate from left to right in FIG.22) is: adding both controlling
bits to the target bit to obtain the carry item cj;,.4) = (e AND fj) XOR (e[ AND fj;;) XOR (e AND fpy). That is, to implement
e; @c; through the first CNOT gate from left to right in FIG.22, to implement e; @ f; through the second CNOT gate from
left to right in FIG.24, and to implement ci+i through the third TOFFOLI gate from left to right in FIG.22, thereby forming
the front-stage cascading unit of the quantum adder with two CNOT gates and one TOFFOLI gate.

[0153] Example 1:e;is 1, f;is 1, and ¢; is 1.

[0154] The MAJ module starts by adding e; to c;, the value of ¢; becomes 0, then adds g, to f;, the value of f; also
becomes 0, and finally adds f; and ¢; to e;, the value of e; becomes 1, that is, the carry of ¢;, is 1.

[0155] Example 2: e;is O, f;is 1, and ¢; is 1.

[0156] The MAJ module starts by adding e; to c;, the value of ¢; becomes 1, then adds g, to f;, the value of f; also
becomes 1, and finally adds f; and cito e;, the value of eibecomes 1, that is, the carry of ¢;,4 is 1.

[0157] As shown in FIG.23, the UMA module is used as the rear-stage of the cascaded adder. The implementation
of a UMA module is similar to that of an MAJ module: as shown in FIG.24, the Toffoli gate (the first logic gate from left
to right in FIG.24) is first used for restoring ¢;,4 to e;; and then use e, to restore (e+c) %2 with the CNOT gate (the second
logic gate from left to right in FIG.24), and (e;*+c;) %2 is restored to c;; and finally, use c; to execute a CNOT gate (the
third logic gate from left to right in F1G.24) on (e+f;) %2, get the final result of the current bit sj; = e; XOR ff; XOR cy.
[0158] Example 1: (e;+c;) %2is 0, (e;+f;) %2is 0, C;,q4 is 1.

[0159] Start by adding (e; +c;) %2 and (e; +f,) %2 to ¢;,4, the value of ci+i becomes 1, and the meaning thereof becomes
e;, then add e; to (e;+c;) %2, the value of (e;+c;) %2 becomes 1, and the meaning thereof becomes ¢;, then add c; to (g;
+f;) %2, the value of (e; +f;) %2 becomes 1, and the meaning thereof becomes s;.

[0160] Example 2: (e;,c;) %2is 1, (e;+f)) %2is 1, Cjyq is 1.

[0161] Startby adding (e;+c;) %2 and (e;+f;) %2 to c;,4, the value of ¢;,4 becomes 0, and the meaning thereof becomes
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e;, then add e; to (e;+¢;) %2, the value of (e;+c;) %2 becomes 1, and the meaning thereof becomes c;, then add c; to (e;+f)
%2, the value of (e;+f;) %2 becomes 0, and the meaning thereof becomes s;.

[0162] As shown in FIG.22, the last CNOT gate from top to bottom, that is, the CNOT gate between the MAJ module
and the UMA module in the entire adder, is used for storing the result of ¢;,4.

[0163] S2303. Executing, with the target quantum circuit, an addition operation of each sub-quantum state of the two
quantum states to be operated, so as to generate and output a target quantum state result.

[0164] In this embodiment, by inputting the two quantum states to be operated, such as [111>and [111), into the adder
(that s, the target quantum circuit), the corresponding binary representation of the operation result of the target quantum
state (including carry term and the result term obtained by direct addition of each sub-quantum state) is obtained. Then
the binary expression of the result |1110> of the target quantum state is directly output, or is further transformed into a
decimal result 14 and output to complete the addition operation of the two target data.

[0165] It can be seen that, by transforming the minuend data into a first target quantum state, transforming the sub-
trahend data into a second target quantum state; controlling the first target quantum state to execute the quantum state
evolution corresponding to the complement operation, to obtain the first complement quantum state, controlling the
current second target quantum state to execute the quantum state evolution corresponding to the complement operation,
to obtain the second complement quantum state; executing quantum state evolution corresponding to the addition
operation on the first complement quantum state and the second complement quantum state, to obtain a third target
quantum state; controlling the third target quantum state to execute the quantum state evolution corresponding to the
complement operation, to obtain an evoluted fourth target quantum state: the subtraction operation for quantum circuits
is realized, and the gaps in the related art are filled.

[0166] Referring to Fig. 25, another embodiment of the present disclosure provides a device for quantum subtraction
operation, and the device includes:

An operation data obtaining module 21301, configured for: obtaining the minuend data and the subtrahend data to
be operated, transforming the minuend data into a first target quantum state, and transforming the subtrahend data
into a second target quantum state; wherein each of the first target quantum state and the second target quantum
stateincludes: a sign-bit sub-quantum state representing the data sign and a value bit sub-quantum state representing
the data value;

A first quantum state evolution module 21302, configured for: obtaining the quantum state of the first preset auxiliary
qubit, and according to the sign-bit sub-quantum state in the first target quantum state and the quantum state of the
first preset auxiliary qubit, controlling the first target quantum state to execute quantum state evolution corresponding
to the complement operation, to obtain the first complement quantum state; wherein the first complement quantum
state is the quantum state including the complement of the minuend data;

A second quantum state evolution module 21303, configured for: executing quantum state evolution corresponding
to sign-bit-inversion on the sign-bit sub-quantum state in the second target quantum state, and according to the
inverted sign-bit sub-quantum state and the quantum state of the first preset auxiliary qubit, controlling the current
second target quantum state to execute quantum state evolution corresponding to the complement operation, to
obtain the second complement quantum state; wherein the second complement quantum state is the quantum state
including the complement of the subtrahend data.

[0167] Athird quantum state evolution module 21304, configured for: executing quantum state evolution corresponding
to the addition operation on the first complement quantum state and the second complement quantum state, so as to
evolute the first complement quantum state into a third target quantum state including the sum of the complement of the
minuend data and the complement of the subtrahend data;

A target quantum operation module 21305, configured for; according to the sign-bit sub-quantum state in the third target
quantum state and the quantum state of the first preset auxiliary qubit, controlling the third target quantum state to
execute a quantum state evolution corresponding to the complement operation, to obtain and output an evoluted fourth
target quantum state as the subtraction operation result of subtracting the subtrahend data from the minuend data;
wherein the fourth target quantum state is a quantum state including the complement of the sum of the complements.
[0168] Specifically, after the target quantum operation module, the device further includes:

A restoration module, configured for: according to the sign-bit sub-quantum state in the current second target quantum
state and the quantum state of the current first preset auxiliary qubit, controlling the current second target quantum state
to execute quantum state evolution corresponding to the complement operation, and executing quantum state evolution
corresponding to sign-bit-inversion on the sign-bit sub-quantum state in the current second target quantum state, so as
to restore the current second target quantum state.

[0169] Specifically, the first quantum state evolution module is specifically configured for:

Executing a CNOT gate operation on the first sign-bit-qubit corresponding to the sign-bit sub-quantum state in the
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first target quantum state and the first preset auxiliary qubit, wherein the first sign-bit-qubit is a controlling bit, the
first preset auxiliary qubit is a controlled bit;

According to the quantum state of the first preset auxiliary qubit after execution of the CNOT gate operation, controlling
whetherthe current first target quantum state executes the quantum state evolution corresponding to the complement
operation;

If yes, invert the non-sign-bit sub-quantum state of the current first target quantum state, and for the inverted first
target quantum state and the quantum state | 1) of the second preset auxiliary qubit, executing quantum state evolution
corresponding to the addition operation, to obtain the evolved first complement quantum state, otherwise, using the
first target quantum state as the first complement quantum state;

Executing a CNOT gate operation on the current first sign-bit-qubit and the first preset auxiliary qubit, to restore the
quantum state of the current first preset auxiliary qubit; wherein the first sign-bit-qubit is a controlling bit, and the
first preset auxiliary qubit is a controlled bit.

[0170] Specifically, the second quantum state evolution module is configured for:

For the second sign-bit-qubit corresponding to the sign-bit sub-quantum state in the second target quantum state,
executing an X-gate operation to obtain the inverted sign-bit sub-quantum state ;

Executing a CNOT gate operation on the current second sign-bit-qubit and the first preset auxiliary qubit, wherein
the second sign-bit-qubit is a controlling bit, and the first preset auxiliary qubit is a controlled bit;

According to the current quantum state of the first preset auxiliary qubit after execution of the CNOT gate operation,
controlling whether the current second target quantum state executes the quantum state evolution corresponding
to the complement operation;

if yes, inverting the non-sign-bit sub-quantum state of the current second target quantum state, and for the inverted
second target quantum state and the quantum state |1) of the second preset auxiliary qubit, executing quantum
state evolution corresponding to the addition operation, to obtain the evolved second complement quantunm state,
otherwise, using the current second target quantum state as the second complement quantum state;

Executing a CNOT gate operation on the current second sign-bit-qubit and the first preset auxiliary qubit, to restore
the current quantum state of the first preset auxiliary qubit; wherein the second sign-bit-qubit is a controlling bit, and
the first preset auxiliary qubit is a controlled bit.

[0171] Specifically, the third quantum state evolution module includes:

A determination unit, configured for: according to the bit number of qubits corresponding to the two quantum states
to be operated, determining a target module number of the front-cascading modules (MAJ module) to be cascaded
and a target module number of the rear-cascading modules (UMA module) to be cascaded, wherein the number of
the MAJ modules equals to the number of the UMA modules;

A cascading unit, configured for: according to an addition instruction, cascading the MAJ modules and the UMA
modules both in the target module number, to generate a target quantum circuit corresponding to the adder;

An operation unit, configured for: executing, with the target quantum circuit, an addition operation of each sub-
quantum state of the two quantum states to be operated, so as to generate and output a target quantum state result.

[0172] Specifically, the MAJ module is an MAJ quantum circuit, the UMA module is a UMA quantum circuit, and each
of the MAJ quantum circuit and the UMA quantum circuit includes two CNOT quantum logic gates and one TOFFOLI
quantum logic gate,

Before the cascading unit, the third quantum state evolution module further includes:

An obtaining unit, configured for: obtaining operation qubits corresponding to the two CNOT quantum logic gates
and one TOFFOLI quantum logic gate, a control relationship between the operation qubits, and a timing relationship
between the two CNOT quantum logic gates and the one TOFFOLI quantum logic gate;

A construction unit, configured for: according to the operation qubits, the control relationship and the timing rela-
tionship, using the two CNOT quantum logic gates and the one TOFFOLI quantum logic gate to construct and
generate the MAJ quantum circuit or the UMA quantum circuit as a corresponding MAJ module or a corresponding
UMA module.

[0173] Specifically, each of the MAJ module and the UMA module includes three input items and three output items;
the cascading unit includes:

A cascading subunit, configured for: according to the addition instruction, using three output items of an MAJ cascading
module as three input items of a corresponding UMA cascading module, so as to cascade the MAJ cascading module
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with the corresponding UMA cascading module to generate a target quantum circuit corresponding to the adder, wherein
the MAJ cascading module is determined by cascading between MAJ modules in the target module number, and the
UMA cascading module is determined by cascading between UMA modules in the target module number.

[0174] As mentioned above, here, preferably, the three input items of the MAJ module include a carry input item and
two sub-quantum state input items to be operated, the three output items of the MAJ module include a carry output item
and two intermediate result output items, the three input items of the UMA module include a carry output item and two
intermediate result output items of the corresponding MAJ module, and the three output items of the UMA module include
a result carry output item, an accumulation output item and a sub-quantum state input item to be operated, the cascade
subunit is specifically configured for:

According to the addition instruction, using the carry output item output by the previous MAJ module and the two
quantum substrate input items to be operated as the three input items of the next MAJ module, so as to cascade
the MAJ modules in the target module number;

Using two intermediate result output items of an MAJ module as two input items of a corresponding UMA module,
obtaining a previous UMA module preceeding the corresponding UMA module, and using the result carry output
item of the previous UMA module as an input item of the corresponding UMA module, so as to cascade MAJ modules
in the target module number and the UMA modules in the target module number to generate the initial quantum
circuit, wherein the carry output item of the last MAJ module is used as an input item to the corresponding first UMA
module; and

Adding a CNOT quantum logic gate between the last MAJ module and the corresponding first UMA module in the
initial quantum circuit, wherein the qubit corresponding to the carry output item of the MAJ module is used as the
controlling bit, and the preset auxiliary qubit is used as the controlled bit, so as to generate the target quantum circuit
of the adder.

[0175] Itcanbeseenthat, with the method "transforming the minuend data into a first target quantum state, transforming
the subtrahend data into a second target quantum state; controlling the first target quantum state to execute the quantum
state evolution corresponding to the complement operation, to obtain the first complement quantum state, controlling
the current second target quantum state to execute the quantum state evolution corresponding to the complement
operation, to obtain the second complement quantum state; executing quantum state evolution corresponding to the
addition operation on the first complement quantum state and the second complement quantum state, to obtain a third
target quantum state; controlling the third target quantum state to execute the quantum state evolution corresponding
to the complement operation, to obtain an evoluted fourth target quantum state", the subtraction operation for quantum
circuits is realized, filling the gap in the related art.

[0176] Yet another embodiment of the present disclosure provides an electronic device, including a memory having
a computer program stored therein, and a processor configured to execute the computer program to perform the following
method:

S1. Obtaining the minuend data and the subtrahend data to be operated, transforming the minuend data into a first
target quantum state, and transforming the subtrahend data into a second target quantum state; wherein each of
the firsttarget quantum state and the second target quantum state includes: a sign-bit sub-quantum state representing
a data sign, and a value bit sub-quantum state representing a data value;

S2. Obtaining the quantum state of the first preset auxiliary qubit, and according to the sign-bit sub-quantum state
in the first target quantum state and the quantum state of the first preset auxiliary qubit, controlling the first target
quantum state to execute quantum state evolution corresponding to the complement operation, to obtain the first
complement quantum state; wherein the first complement quantum state is the quantum state including the com-
plement of the minuend data;

S3. Executing quantum state evolution corresponding to sign-bit-inversion on the sign-bit sub-quantum state in the
second target quantum state, and according to the inverted sign-bit sub-quantum state and the quantum state of
the first preset auxiliary qubit, controlling the current second target quantum state to execute quantum state evolution
corresponding to the complement operation, to obtain the second complement quantum state; wherein the second
complement quantum state is the quantum state including the complement of the subtrahend data.

S4. For the first complement quantum state and the second complement quantum state, executing quantum state
evolution corresponding to the addition operation, so as to evolve the first complement quantum state into a third
target quantum state including the sum of the complement of the minuend data and the complement of said sub-
trahend data;

S5. According to the sign-bit sub-quantum state in the third target quantum state and the quantum state of the first
preset auxiliary qubit, controlling the third target quantum state to execute a quantum state evolution corresponding
to the complement operation, to obtain and output an evoluted fourth target quantum state as the subtraction
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operation result of subtracting the subtrahend data from the minuend data; wherein the fourth target quantum state
is a quantum state including the complement of the sum of the complements.

[0177] Yet another embodiment of the present disclosure provides a storage medium, in which a computer program
is stored, wherein the computer program is configured to execute the following method when running:

S1. Obtaining the minuend data and the subtrahend data to be operated, transforming the minuend data into a first
target quantum state, and transforming the subtrahend data into a second target quantum state; wherein each of
the firsttarget quantum state and the second target quantum state includes: a sign-bit sub-quantum state representing
the data sign and a value bit sub-quantum state representing the data value;

S2. Obtaining the quantum state of the first preset auxiliary qubit, and according to the sign-bit sub-quantum state
in the first target quantum state and the quantum state of the first preset auxiliary qubit, controlling the first target
quantum state to execute quantum state evolution corresponding to the complement operation, to obtain the first
complement quantum state; wherein the first complement quantum state is the quantum state including the com-
plement of the minuend data;

S3. Executing quantum state evolution corresponding to sign-bit-inversion on the sign-bit sub-quantum state in the
second target quantum state, and according to the inverted sign-bit sub-quantum state and the quantum state of
the first preset auxiliary qubit, controlling the current second target quantum state to execute quantum state evolution
corresponding to the complement operation, to obtain the second complement quantum state; wherein the second
complement quantum state is the quantum state including the complement of the subtrahend data;

S4. For the first complement quantum state and the second complement quantum state, executing quantum state
evolution corresponding to the addition operation, so as to evolve the first complement quantum state into a third
target quantum state including the sum of the complement of the minuend data and the complement of said sub-
trahend data;

S5. According to the sign-bit sub-quantum state in the third target quantum state and the quantum state of the first
preset auxiliary qubit, controlling the third target quantum state to execute a quantum state evolution corresponding
to the complement operation, to obtain and output an evoluted fourth target quantum state as the subtraction
operation result of subtracting the subtrahend data from the minuend data; wherein the fourth target quantum state
is a quantum state including the complement of the sum of the complements.

[0178] The above-described embodiments can be summarized as follows.

C21. A method for quantum subtraction operation, characterized by including: obtaining the minuend data and the
subtrahend data to be operated, transforming the minuend data into a first target quantum state, and transforming
the subtrahend data into a second target quantum state; wherein each of the first target quantum state and the
second target quantum state includes: a sign-bit sub-quantum state representing the data sign and a value bit sub-
quantum state representing the data value; obtaining the quantum state of the first preset auxiliary qubit, and
according to the sign-bit sub-quantum state in the first target quantum state and the quantum state of the first preset
auxiliary qubit, controlling the first target quantum state to execute quantum state evolution corresponding to the
complement operation, to obtain the first complement quantum state; wherein the first complement quantum state
is the quantum state including the complement of the minuend data; executing quantum state evolution corresponding
to sign-bit-inversion on the sign-bit sub-quantum state in the second target quantum state, and according to the
inverted sign-bit sub-quantum state and the quantum state of the first preset auxiliary qubit, controlling the current
second target quantum state to execute quantum state evolution corresponding to the complement operation, to
obtain the second complement quantum state; wherein the second complement quantum state is the quantum state
including the complement of the subtrahend data; for the first complement quantum state and the second complement
quantum state, executing quantum state evolution corresponding to the addition operation, so as to evolve the first
complement quantum state into a third target quantum state including the sum of the complement of the minuend
data and the complement of said subtrahend data; and according to the sign-bit sub-quantum state in the third target
quantum state and the quantum state of the first preset auxiliary qubit, controlling the third target quantum state to
execute a quantum state evolution corresponding to the complement operation, to obtain and output an evoluted
fourth target quantum state as the subtraction operation result of subtracting the subtrahend data from the minuend
data; wherein the fourth target quantum state is a quantum state including the complement of the sum of the
complements.

C22. A method according to C21, characterized in that the method further includes, after said step "controlling the
third target quantum state to execute the quantum state evolution corresponding to the complement operation, to
obtain the evolved fourth target quantum state": according to the sign-bit sub-quantum state in the current second
target quantum state and the quantum state of the current first preset auxiliary qubit, controlling the current second
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target quantum state to execute quantum state evolution corresponding to the complement operation, and executing
quantum state evolution corresponding to sign-bit-inversion on the sign-bit sub-quantum state in the current second
target quantum state, so as to restore the current second target quantum state.

C23. A method according to C21 or C22, characterized in that the first target quantum state is controlled according
to the sign-bit sub-quantum state in the first target quantum state and the quantum state of the first preset auxiliary
qubit. The step of executing the quantum state evolution corresponding to the complement operation in the state
specifically includes: executing a CNOT gate operation on the first sign-bit-qubit corresponding to the sign-bit sub-
quantum state in the first target quantum state and the first preset auxiliary qubit, wherein the first sign-bit-qubit is
a controlling bit, the first preset auxiliary qubit is a controlled bit; according to the quantum state of the first preset
auxiliary qubit after execution of the CNOT gate operation, controlling whether the current first target quantum state
executes the quantum state evolution corresponding to the complement operation; if yes, invert the non-sign-bit
sub-quantum state of the current first target quantum state, and for the inverted first target quantum state and the
quantum state |1) of the second preset auxiliary qubit, executing quantum state evolution corresponding to the
addition operation, to obtain the evolved first complement quantum state, otherwise, using the first target quantum
state as the first complement quantum state; executing a CNOT gate operation on the current first sign-bit-qubit
and the first preset auxiliary qubit, to restore the quantum state of the current first preset auxiliary qubit; wherein the
first sign-bit-qubit is a controlling bit, and the first preset auxiliary qubit is a controlled bit.

C24. A method according to any one of C21-C23, characterized in that, said step "executing quantum state evolution
corresponding to sign-bit inversion on the sign-bit sub-quantum state in the second target quantum state, and
according to the inverted sign-bit sub-quantum state and the quantum state of the first preset auxiliary qubit, controlling
the second target quantum state to execute quantum state evolution corresponding to the complement operation"
specifically includes: for the second sign-bit-qubit corresponding to the sign-bit sub-quantum state in the second
target quantum state, executing an X-gate operation to obtain the inverted sign-bit sub-quantum state ; executing
a CNOT gate operation on the current second sign-bit-qubit and the first preset auxiliary qubit, wherein the second
sign-bit-qubit is a controlling bit, and the first preset auxiliary qubit is a controlled bit; according to the current quantum
state of the first preset auxiliary qubit after execution of the CNOT gate operation, controlling whether the current
second target quantum state executes the quantum state evolution corresponding to the complement operation; if
yes, invert the non-sign-bit sub-quantum state of the current second target quantum state, and for the inverted
second target quantum state and the quantum state 11) of the second preset auxiliary qubit, executing quantum
state evolution corresponding to the addition operation, tp obtain the evolved second complement quantunm state,
otherwise, use the current second target quantum state as the second complement quantum state; and executing
a CNOT gate operation on the current second sign-bit-qubit and the first preset auxiliary qubit, to restore the current
quantum state of the first preset auxiliary qubit; wherein the second sign-bit-qubit is a controlling bit, and the first
preset auxiliary qubit is a controlled bit.

C25. A method according to any one of C21-C24, characterized in that said "executing quantum state evolution
corresponding to the addition operation” includes: according to the bit number of qubits corresponding to the two
quantum states to be operated, determining a target module number of the front-cascading modules (MAJ module)
to be cascaded and a target module number of the rear-cascading modules (UMA module) to be cascaded, wherein
the number of the MAJ modules equals to the number of the UMA modules; according to an addition instruction,
cascading the MAJ modules and the UMA modules both in the target module number, to generate a target quantum
circuit corresponding to the adder; executing, with the target quantum circuit, an addition operation of each sub-
quantum state of the two quantum states to be operated, so as to generate and output a target quantum state result.
C26. A method according to any one of C21-C25, characterized in that, the MAJ module is an MAJ quantum circuit,
the UMA module is a UMA quantum circuit, and each of the MAJ quantum circuit and the UMA quantum circuit
includes two CNOT quantum logic gates and one TOFFOLI quantum logic gate, the method further includes, before
the step "according to an addition instruction, cascading the MAJ modules and the UMA modules both in the target
module number, to generate a target quantum circuit corresponding to the adder": obtaining operation qubits cor-
responding to the two CNOT quantum logic gates and one TOFFOLI quantum logic gate, a control relationship
between the operation qubits, and a timing relationship between the two CNOT quantum logic gates and the one
TOFFOLI quantum logic gate; and according to the operation qubits, the control relationship and the timing rela-
tionship, using the two CNOT quantum logic gates and the one TOFFOLI quantum logic gate to construct and
generate the MAJ quantum circuit or the UMA quantum circuit as a corresponding MAJ module or a corresponding
UMA module.

C27. A method according to any one of C21-C26, characterized in that, the MAJ module and the UMA module each
includes three input items and three output items, said step "according to an addition instruction, cascading the MAJ
modules and the UMA modules both in the target module number, to generate a target quantum circuit corresponding
to the adder" specifically includes: according to the addition instruction, using three outputitems of an MAJ cascading
module as three input items of a corresponding UMA cascading module, so as to cascade the MAJ cascading
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module with the corresponding UMA cascading module to generate a target quantum circuit corresponding to the
adder, wherein the MAJ cascading module is determined by cascading between MAJ modules in the target module
number, and the UMA cascading module is determined by cascading between UMA modules in the target module
number.

C28. The method of any one of C21-C27, characterized in that the three input items of the MAJ module include a
carry input item and two sub-quantum state input items to be operated, the three output items of the MAJ module
include a carry output item and two intermediate result output items, the three input items of the UMA module include
a carry output item and two intermediate result output items of the corresponding MAJ module, and the three output
items of the UMA module include a result carry output item, an accumulation output item and a sub-quantum state
inputitem to be operated, said step "according to an addition instruction, using three outputitems of an MAJ cascading
module as three input items of a corresponding UMA cascading module, so as to cascade the MAJ cascading
module with the corresponding UMA cascading module to generate a target quantum circuit corresponding to the
adder" specifically includes: according to the addition instruction, using the carry output item output by the previous
MAJ module and the two quantum substrate input items to be operated as the three input items of the next MAJ
module, so as to cascade the MAJ modules in the target module number; using two intermediate result output items
of an MAJ module as two inputitems of a corresponding UMA module, obtaining a previous UMA module preceeding
the corresponding UMA module, and using the result carry output item of the previous UMA module as an input
item of the corresponding UMA module, so as to cascade MAJ modules in the target module number and the UMA
modules in the target module number to generate the initial quantum circuit, wherein the carry output item of the
last MAJ module is used as an input item to the corresponding first UMA module; and adding a CNOT quantum
logic gate between the last MAJ module and the corresponding first UMA module in the initial quantum circuit,
wherein the qubit corresponding to the carry output item of the MAJ module is used as the controlling bit, and the
preset auxiliary qubit is used as the controlled bit, so as to generate the target quantum circuit of the adder.

C28. A device for quantum subtraction operation, characterized in that the device includes: an operation data
obtaining module, configured for: obtaining the minuend data and the subtrahend data to be operated, transforming
the minuend data into a first target quantum state, and transforming the subtrahend data into a second target
quantum state; wherein each of the first target quantum state and the second target quantum state includes: a sign-
bit sub-quantum state representing the data sign and a value bit sub-quantum state representing the data value; a
first quantum state evolution module, configured for: obtaining the quantum state of the first preset auxiliary qubit;
a first quantum state evolution module, configured for: obtaining the quantum state of the first preset auxiliary qubit,
and according to the sign-bit sub-quantum state in the first target quantum state and the quantum state of the first
preset auxiliary qubit, controlling the first target quantum state to execute quantum state evolution corresponding
to the complement operation, to obtain the first complement quantum state; wherein the first complement quantum
state is the quantum state including the complement of the minuend data; a second quantum state evolution module,
configured for executing quantum state evolution corresponding to sign-bit-inversion on the sign-bit sub-quantum
state in the second target quantum state, and according to the inverted sign-bit sub-quantum state and the quantum
state of the first preset auxiliary qubit, controlling the current second target quantum state to execute quantum state
evolution corresponding to the complement operation, to obtain the second complement quantum state; wherein
the second complement quantum state is the quantum state including the complement of the subtrahend data; a
third quantum state evolution module, configured for: executing quantum state evolution corresponding to the addition
operation on the first complement quantum state and the second complement quantum state, so as to evolute the
first complement quantum state into a third target quantum state including the sum of the complement of the minuend
data and the complement of the subtrahend data; a target quantum operation module, configured for: according to
the sign-bit sub-quantum state in the third target quantum state and the quantum state of the first preset auxiliary
qubit, controlling the third target quantum state to execute a quantum state evolution corresponding to the complement
operation, to obtain and output an evoluted fourth target quantum state as the subtraction operation result of sub-
tracting the subtrahend data from the minuend data; wherein the fourth target quantum state is a quantum state
including the complement of the sum of the complements.

C29. An electronic device, includinga memory having a computer program stored therein, and a processor configured
to execute the computer program to perform the method of any one of C21-C27.

C210. A storage medium, wherein the storage medium has a computer program stored therein, which computer
program, when executed, is configured to execute any one of the methods of C21- C27.

[0179] Compared with the prior art, the quantum subtraction method provided in the present disclosure includes:
transforming the minuend data into a first target quantum state, transforming the subtrahend data into a second target
quantum state; controlling the first target quantum state to execute the quantum state evolution corresponding to the
complement operation, to obtain the first complement quantum state, controlling the current second target quantum
state to execute the quantum state evolution corresponding to the complement operation, to obtain the second comple-
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ment quantum state; executing quantum state evolution corresponding to the addition operation on the first complement
quantum state and the second complement quantum state, to obtain a third target quantum state; controlling the third
target quantum state to execute the quantum state evolution corresponding to the complement operation, to obtain an
evoluted fourth target quantum state. Thereby, the subtraction operation for quantum circuits is realized, filling the gap
in the related art.

[0180] An embodiment of the present disclosure provides a method for quantum multiplication operation for imple-
menting a basic arithmetic operation. The basic arithmetic operation operation may be a multiplication operation as
shown in a flow diagram of a method for quantum multiplication operation provided in FIG. 26, including:

S3201: Obtaining multiplicand data and multiplier data to be operated, transforming the multiplicand data into a first
target quantum state, and transforming the multiplier data into a second target quantum state; wherein, each of the first
target quantum state and the second target quantum state stores the binary value of the data, and the bit number of
qubits corresponding to the first target quantum state is at least twice the bit number of qubits corresponding to the
second target quantum state.

[0181] Specifically, the multiplicand data to be operated refers to the number to be multiplied in the multiplication
operation, also called a factor, generally placed in the front of the formula; the multiplier data refers to the number to
multiply other numbers in the multiplication operation, also called a factor, generally placed in the rear of the formula.
[0182] A quantum state space represented by a qubit refers to the quantum state information represented by all the
eigenstates corresponding to the qubit, and the number of all the eigenstates is 2 to the power of the bit number of qubits.
[0183] The quantum state refers to the state of the qubit, and its eigenstate is expressed in binary in the quantum
algorithm (or quantum program). For example, a group of qubits is qg, g4, and q,, representing the Oth, 1st, and 2nd
qubits, and the order from high to low is g,q;qq; the quantum state of this group of qubits is a superposition of 23
eigenstates; the 8 eigenstates (determined states) refer to: |000), |001), |010), |011), |100), |101), |[110), [111), each
eigenstate is consistent with the qubit, for example |000), 000 corresponds to g,q4q, from high to low. In short, a quantum
state is a superposition state composed of eigenstates. When the probability amplitude of other states is 0, it is in one
of the definite eigenstates.

[0184] For example, the value of the data to be operated is 2, and a set of qubits for storing the data to be operated
has 2 or more bits, for example, if there are 5 qubits, then its quantum state can be |00010), wherein the two lowest bits
are binary 10, which is used for representing the binary value of the data to be operated. The useful information is the
lowest two bits of information, and the quantum state corresponding to the data value to be operated can also be
abbreviated as |2) = |10).

[0185] For Example: if the multiplicand data to be operated is 7 and the multiplier data is 5, then the multiplicand data
is transformed into the first target quantum state|111), and there are 3 or more qubits in a group of qubits for storing the
first target quantum state; the multiplier data is transformed into the second target quantum state |101), because the bit
number of qubits corresponding to the first target quantum state is at least twice the bit number of qubits corresponding
to the second target quantum state, the bit number of qubits storing the first target quantum state needs to be increased.
That is, to increase the group of qubits for storing the first target quantum state to 6 qubits, and at this moment, the first
target quantum state is |000111).

[0186] S3202: For each bit in the binary value stored in the second target quantum state, according to the binary value
of the current bit, controlling the third target quantum state of the first preset auxiliary qubit and the first target quantum
state after left-shifting of the stored binary value to execute quantum state evolution corresponding to the addition
operation, and obtaining an evoluted third target quantum state of the stored addition operation result; wherein the initial
state of the third target quantum state is 10), and the bit number by which the binary value left-shifts is determined by
the bit number of the current bit.

[0187] Specifically, said step "for each bit in the binary value stored in the second target quantum state, according to
the binary value of the current bit, controlling the third target quantum state of the first preset auxiliary qubit and the first
target quantum state after left-shifting of the stored binary value to execute quantum state evolution corresponding to
the addition operation" includes the following steps:

S$32021: Obtaining a first preset auxiliary qubit in the same bit number as the qubit corresponding to the first target
quantum state, and initializing a third target quantum state of the first preset auxiliary qubit as 10).

[0188] Specifically, the first preset auxiliary qubit can be used for storing the multiplication result of the multiplicand
data and the multiplier data, the initialized third target quantum state thereof being 10), and the bit number of the first
preset auxiliary qubit equals to the bit number of the qubit corresponding to storing the first quantum state.

[0189] For Example: following the above example, a group of qubits storing the first target quantum state includes 6
qubits, and the first target quantum state is |000111), at this time, the bit number of the first preset auxiliary qubit equals
to that of the qubit corresponding to storing the first quantum state, both are 6 qubits, and the third target quantum state
after initialization is |000000).

[0190] S32022: determining the binary value of the current bit, starting from the first bit in the binary value stored in
the second target quantum state.
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[0191] Specifically, the first bit in the binary value stored in the second target quantum state is the low bit of the second
target quantum state, determination as to whether the current binary value is 1 is executed sequentially, starting from
this low bit.

[0192] For Example: the second target quantum state is |[101), and from the high bit to the low bit is 101; the bit order
of the preset second target quantum state starts from the low bit, i.e., the first bit is binary value 1, and the second bit
is binary value 0, and the third bit is binary value 1.

[0193] S32023:Inthe case of determining that the binary value of the current bit is 1, executing quantum state evolution
corresponding to the addition operation on the current third target quantum state of the first preset auxiliary qubit and
the current first target quantum state; otherwise, no operation is executed.

[0194] Specifically, following the above example, initially, the first target quantum state is |000111), the second target
quantum state is |[101), and the third target quantum state is |000000), and the binary value of the current bit of the
second target quantum state is determined sequentially: if it is 1, then execute quantum state evolution corresponding
to the addition operation on the third target quantum state of the first preset auxiliary qubit and the first target quantum
state, i.e., to execute quantum state evolution corresponding to the addition operation on the current first target quantum
state |000111) with the third target quantum state |000000); if it is 0, then no operation is executed.

[0195] S32024: Swapping between the sub-quantum state s contained in the first target quantum state using quantum
logic gates, so that the binary value stored in the first target quantum state is left-shifted by one bit.

[0196] Specifically, following the above example, initially, the first target quantum state is |[1000111), use quantum
logic gates to swap between the sub-quantum state s contained in the first target quantum state |000111), so that the
binary value stored in the first target quantum state is left-shifted by one bit to transform into the quantum state |001110).
[0197] For Example: the quantum logic gate SWAP gate is used e.g., for left-shifting the first target quantum state
|000111) by one bit and transform it into the quantum state |001110). Specifically, in the quantum circuit storing the first
target quantum state, from the low bit to the high bit: a SWAP gate is first inserted between the third and fourth qubits,
that is, the first target quantum state [000111) is transformed into the first intermediate quantum state |001011); a SWAP
gate is inserted between the fourth and fifth qubits, that is, to transform the first intermediate quantum state |001011) to
the second intermediate quantum state |001101); finally, a SWAP gate is inserted between the fifth and sixth qubits,
i.e., to tramsform the second intermediate quantum state |001101) to the quantum state |001110) where the first target
quantum state has been left-shifted by one bit.

[0198] It is to be noted that, although the above implementation of the left-shifting of the quantum state utilizes the
quantum logic gate "SWAP gate", during actual implementation process, the left-shift operation is not limited to one kind
of quantum logic gate, and may be implemented with a combination of a plurality of single quantum logic gates and dual
quantum logic gates. Therefore, any combination of quantum logic gates that can implement the transformation operations
such as the left-shifting of the above quantum states should be included in the protection scope of this application, and
specific limitation thereof is omitted here.

[0199] S32025: incrementing the bit number of the current bit by 1, and return to the step of determining the binary
value of the current bit, until the last bit in the binary value stored in the second target quantum state is determined.
[0200] Specifically, increment the bit number of the current bit by 1, that is, increment the bit number of the binary
value stored in the second target quantum state by 1, change it from the first bit to the second bit, and return to the step
of determining the binary value of the current bit, that is, to return to step S2022 to step S2024 until the last bit of the
binary value stored in the second target quantum state is determined.

[0201] For Example: the second target quantum state is [101), and the binary value of the current bit is 1, and the
quantum state evolution corresponding to the addition operation of the current third target quantum state |000000) and
the first target quantum state [000111) is executed; upon completion of the execution, the bit number of the current bit
of the second target quantum state is incremented by 1, the second bit is a binary value of 0, return to step S2022 to
step S2024, wherein, the first target quantum state |000111) is left-shifted by one bit to transform into a quantum state
|001110). Because the binary value of the current bit of the second target quantum state is 0, do not execute the addition
operation that "the quantum state after completion of the quantum state evolution corresponding to the addition operation
between the third target quantum state |[000000) and the first target quantum state |000111)" is added to the quantum
state |001110). Continue to execute step S2025, the third bit of the second target quantum state |101) is a binary value
1. Return to step S2022 to step S2024, wherein, the current first target quantum state [001110) is left-shifted by one bit
to transform into a quantum state |011100), and because the binary value of the current bit of the second target quantum
state is 1, execute the addition operation that "the quantum state after completion of the quantum state evolution cor-
responding to the addition operation between the third target quantum state |000000) and the first target quantum state
|000111)" is added to the quantum state |011100), and obtain the evolved third target quantum state that stores the
addition operation result.

[0202] S3203: Outputting the finally obtained third target quantum state as a multiplication result of the multiplicand
data and the multiplier data.

[0203] For Example: the multiplicand data is the first target quantum state |000111), and the multiplier data is the
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second target quantum state |101), then the finally obtained addition result stored in the third target quantum state
|100011)is used as the multiplication result of the multiplicand data and the multiplier data, and then the addition result
|100011) can be transformed into a decimal number 35 and is output as the result, alternatively, the binary operation
result can be output directly.

[0204] After obtaining the operation result stored in the third target quantum state, the method further includes: using
a quantum logic gate to restore the current first target quantum state.

[0205] Specifically, the quantum logic gate SWAP gate can be used for restoring the current first target quantum state
to the initial state, so as to facilitate subsequent use and operation of quantum circuits.

[0206] It can be seen from the above introduction that in the multiplication operation, the multiplicand data and the
multiplier data are stored in different numbers of qubits, however, the signs (positive and negative values) of the multi-
plicand data and the multiplier data are not considered. Therefore, in the operation of the multiplicand data and the
multiplier data, the sign of the obtained operation result also needs to be considered. To obtain the positive and negative
status of the operation result, the following steps are required:

Obtaining a first sub-quantum state storing the sign bit of the multiplicand data and a second sub-quantum state storing
the sign bit of the multiplier data.

[0207] Specifically, according to the well-known multiplication rules, when the signs of the multiplied data and the
multiplier data are the same, the results after multiplication are all positive numbers; when the signs of the multiplied
data and the multiplier data are different, the results after multiplication are all negative numbers; wherein, the signs of
the multiplicand data and the multiplier data need to be represented by the first sub-quantum state and the second sub-
quantum state that store the sign bit, as well as their corresponding qubits.

[0208] According to the first sub-quantum state and the second sub-quantum state , evolving an initial state of the
third sub-quantum state which is to store the sign bit of the multiplication result, into a final state of the third sub-quantum
state which has stored the sign bit of the multiplication result.

[0209] For Example: FIG. 27 shows a schematic illustration of storing the operation result of the sign bits in this
embodiment, in which the values "a" and " b " of two quantum registers (multiplicand and multiplier) are multiplied, and
the operation result is stored in a register "d". "a.sign" is the sign bit of a, and is represented by the first sub-quantum
state ; "b.signt" is the sign bit of b, and is represented by the second sub-quantum state ; "d.sign” is the sign bit of the
computation result d, and is represented by the third sub-quantum state . The initial value of "d.sign” is the initial state
of the third sub-quantum state, and can be set to 10). Execute a CNOT gate on the first sign-bit-qubit corresponding to
the first sub-quantum state and the second sign-bit-qubit corresponding to the second sub-quantum state ; wherein the
first sign-bit-qubit is used as a controlling bit of the CNOT gate (black dot in the figure, the same below), the second
sign-bit-qubit is used as the controlled bit of the CNOT gate (the "+" sign in the circle shown in the figure, the same
below). Execute a CNOT gate on the current second sign-bit-qubit and a third sign-bit-qubit corresponding to a third
sub-quantum state which is to store the sign bit of the multiplication result, so as to evolve an initial state of the third
sub-quantum state which is to store the sign bit of the multiplication result into a final state of the third sub-quantum state
which has stored the sign bit of the multiplication result. Here, the second sign-bit-qubit is used as the controlling bit of
the CNOT gate, the third sign-bit-qubit is used as the controlled bit of the CNOT gate, and the initial state is a 10) state.
Execute CNOT gate on the current first sign-bit-qubit and the current second sign-bit-qubit to restore the current second
sub-quantum state , wherein, the first sign-bit-qubit is used as the controlling bit of the CNOT gate, and the second sign-
bit-qubit is used as the controlled bit of the CNOT gate.

[0210] Specifically, the positive and negative signs of the multiplicand data and the multiplier data have the following
four circumstances: the multiplicand data and the multiplier data are both positive numbers, both negative numbers, the
former being a positive number and the latter being a negative number and vice versa. The positive and negative signs
of the multiplicand data and the multiplier data can be represented by the quantum state as follows: when the first sub-
quantum state is preset as a |0)state, it means that the multiplicand data is a positive number; when the first sub-quantum
state is preset as a 11) state, it means that the multiplicand data is a negative number; similarly, when the second sub-
quantum state is preset as a |0)state, it means that the multiplier data is a positive number; when the second sub-
quantum state is preset as a 11) state, it means that the multiplier data is a negative number. Therefore, after going
through the quantum circuit shown in FIG.27,i.e., after three CNOT gate operations, the results are shown in the following
table:

a.sign | b.sign | d.sign
0) 0 0
0) [ Wy
1) 0 )
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(continued)

a.sign | b.sign | d.sign

11 1) 0)

[0211] As can be seen from the above table, for example, according to the first sub-quantum state |0)and the second
sub-quantum state 10), the initial state of the third sub-quantum state which is to store the sign bit of the multiplication
result is evolved into the final state (i.e., 10) state) of the final state of the third sub-quantum state which has stored the
sign bit of the multiplication result, this means when both the multiplicand data and the multiplier data are positive
numbers, the result after operation is also a positive number. For example, according to the first sub-quantum state |1)
and the second sub-quantum state 10), the initial state of the third sub-quantum state which is to store the sign bit of
the multiplication result is evolved into the final state (i.e., 11) state) of the final state of the third sub-quantum state
which has stored the sign bit of the multiplication result, this means when the multiplicand data is a negative number
and the multiplier data is a positive number, the result after operation is a negative number.

[0212] Itis to be noted that FIG. 27 is only a schematic illustration of using the CNOT gate to store the operation result
of the sign bit in this embodiment. In a specific implementation, other quantum logic gates can also be used for storing
the operation result of the sign bit. No specific limitation is made here.

[0213] Thefollowing describes the specific steps of executing the quantum state evolution corresponding to the addition
operation, which are used for introducing how to implement the logic circuit of the quantum state evolution corresponding
to the addition operation in a quantum computer, and for describing each module in conjunction with the pre-developed
software QPanda. Any classical logic circuit can also be represented by a quantum circuit. There is a one-to-one cor-
respondence between a classical circuit and a quantum circuit. The input and output of a quantum logic gate/quantum
circuit are both quantum states, and the number of input qubits is equal to that of output qubits. Quantum circuits allow
quantum states to be input in a superposition way, while output states can be superimposed and output in the same
way as input states. Reversible computing is the basis of quantum computing, that is, any reversible circuit has an
inverse circuit thereof: that is to say, by using each original output as input, it can be mapped exactly to an original input
thereof. A reversible circuit means that for every output, there is exactly one input corresponding to it, and this mapping
is a one-to-one mapping.

[0214] The specificimplementation of the quantum state evolution corresponding to the addition operation is described
in detail below.

[0215] Specifically, said "executing quantum state evolution corresponding to the addition operation" may include:
[0216] According to the bit number of qubits corresponding to the two quantum states to be operated, determining a
target module number of the front-cascading modules (MAJ module) to be cascaded and a target module number of
the rear-cascading modules (UMA module) to be cascaded, wherein the number of the MAJ modules equals to the
number of the UMA modules.

[0217] ForExample: FIG. 28 is a schematic illustration of an adder provided in an embodiment of the present disclosure.
The first qubit in the circuit is the second preset auxiliary qubit, which is initially in a 10) state and will eventually return
to |0)a state. The "e" and "f" are the quantum states corresponding to the data to be added, each corresponding to a
group of qubits. The "c" represents the final carry item, corresponding to the preset carry auxiliary qubit, and the "s" is
the output bit that does not include a carry bit. It is generally required that the bit number of qubits corresponding to "e"
equals to that corresponding to "f*, and the bit number of "s" equal to those of "e" and "f".

[0218] For Example: as shown in FIG.29, it is a schematic illustration of the quantum circuit of the adder provided in
an embodiment of the present disclosure, e il and f i are respectively the i-th bit of the quantum state corresponding to
the two addends, and c ; is the previous-stage carry.

Ci+1] = (e[ AND fp) XOR (ep; AND f;) XOR (e AND fy),

[0219] Here, the first qubit is the second preset auxiliary qubit, corresponding to ¢ in the quantum circuit. The first
MAJ module includes three input quantum states and three corresponding output quantum states, the three input quantum
states being ¢, ey, and fy, wherein g is the Oth-bit quantum state of the first quantum state to be operated., f; is the
Oth quantum state of the second quantum state to be operated, ¢, is the quantum state of the second preset auxiliary
qubit, and the initial value is 0, that is to say there is no carry. The three output quantum states are respectively e; @
Co» €9 @ fg and ¢4, and ¢, is the carry after the addition of e ¢ and fy. Similarly, the three input quantum states of the next
MAJ module are c4, e4, and f,, and the three output quantum states are respectively e, ® ¢4, e; @ f;, and ¢,, and so on
to the last MAJ module.

[0220] For the first UMA module, it includes three input quantum states and three corresponding output quantum
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states, where the three output quantum states of the MAJ module correspond to the three input quantum states of the
UMA module, and the three output quantum states are respectively cg, s, €y, Where s; is the carry-free result of adding
eg and fy. Similarly, s, is the carry-free result of adding e4 and f;, and so on, the ¢, is the final carry item. It is to be noted
that, in practical applications, where there is no need to calculate the final carry, the qubit corresponding to c, does not
have to be provided in the quantum circuit.

[0221] Moreover, the number of the MAJ modules and the number of UMA modules can be determined according to
the number of sub-quantum state s contained in any quantum state to be operated, one sub-quantum state corresponding
to one qubit, wherein the number of the MAJ modules is equal to the number of UMA modules. What is shown in the
Figure is only an example, where 4 qubits are required for encoding each of "e" and "f, and the number of MAJ modules
and that of UMA modules are both 4. The MAJ module and the UMA module constitute the front and rear cascading
units of the adder. The MAJ module can be used for extracting the carry term of any step and pass it to the next stage
to calculate the final carry term. The UMAmodule not only extracts the information of "c" and transmits it to the previous-
stage UMA, but also calculates the "s" (result item) of each stage and recovers the information of "e".

[0222] For Example: When 4 (corresponding encoding is expressed in a 3-qubit quantum state as 100) + 2 (corre-
sponding encoding is expressed in a 3-qubit quantum state as 010) = 6 (corresponding encoding is expressed in a 3-
qubit quantum state as 110). At this time, the bit number of qubits encoding the operation result is the same as the bit
number of qubits encoding "e" or the bit number of qubits used for encoding "f, and the number of the MAJ modules
and the number of UMA modules are both 3.

[0223] For Example: When 4 (corresponding encoding is expressed in a 3-qubit quantum state as 100) + 7 (corre-
sponding encoding is expressed in a 3-qubit quantum state as 111) = 11 (corresponding encoding is expressed in a 3-
qubit quantum state as 011). However, it can be understood that the binary number corresponding to 11 is 1011, and
the bit where the leftmost 1 is located is a carry item, which can be represented by an auxiliary qubit. At this time, the
bit number of qubits encoding the operation result is greater than the bit number of qubits encoding "e" or the bit number
of qubits used for encoding "f’, and the number of the MAJ modules and the number of UMA modules are both 3.
[0224] For Example: when 2 (corresponding encoding is expressed in a 2-qubit quantum state as 10) + 4 (corresponding
encoding is expressed in a 3-qubit quantum state as 100) = 6 (corresponding encoding is expressed in a 3-qubit quantum
state as 110). At this time, the numerical item "3" encoding the numerical value of "6" equals to the number of quantum
states of the qubit encoding "b", and the number of the MAJ modules and the number of UMA modules are both 3.
[0225] According to the addition instruction, the MAJ modules and UMA modules in the target module number are
cascaded to generate a target quantum circuit corresponding to the adder.

[0226] Here, the MAJ module and the UMA module each includes three input items and three output items. According
to the addition instruction, the three output items of an MAJ cascading module can be used as three inputs of a corre-
sponding UMA cascading module, so as to cascade the MAJ cascading module with a corresponding UMA cascading
module to generate a target quantum circuit corresponding to an adder, wherein the MAJ cascading module is determined
by cascading of MAJ modules in the target module number, and the UMA cascading module is determined by cascading
of UMA modules in the target module number.

[0227] Specifically, the three input items of the MAJ module include one carry input item and two sub-quantum state
input items to be operated; the three output items of the MAJ module include one carry output item and two intermediate
result output items; the three input items of the UMA module include a carry output item and two intermediate result
output items of the corresponding MAJ module; and the three output items of the UMA module include a result carry
output item, an accumulation sum output item and a sub-quantum state input item to be operated.

[0228] Then, according to the addition instruction, the carry output item output by the previous MAJ module and the
two sub-quantum state input items to be operated can be used as three input items of the next MAJ module, so that the
MAJ modules in the target module number are cascaded;

[0229] Using two intermediate result output items of an MAJ module as two input items of a corresponding UMA
module, obtaining a previous UMA module preceeding the corresponding UMA module, and using the result carry output
item of the previous UMA module as an input item of the corresponding UMA module, so as to cascade MAJ modules
in the target module number and the UMA modules in the target module number to generate the initial quantum circuit,
wherein the carry output item of the last MAJ module is used as an input item to the corresponding first UMA module;
[0230] Addinga CNOT quantum logic gate between the last MAJ module and the corresponding first UMA module in
the initial quantum circuit, wherein the qubit corresponding to the carry output item of the MAJ module is used as the
controlling bit, and the preset auxiliary qubit is used as the controlled bit, so as to generate the target quantum circuit of
the adder. If the carry item is not needed, the CNOT gate and the carry auxiliary qubit does not have to be provided.
[0231] In this embodiment, as shown in FIG. 29, according to the figure, use the three output bits of the MAJ module
as the three input bits of the UMA module, thereby cascading the same number of MAJ modules and UMA modules to
generate a target quantum circuit corresponding to an adder. Here, the hollow circles and solid circles connected in the
circuit diagram represent CNOT gate operations, the hollow circles correspond to qubits as controlling bits, and the solid
circles correspond to those as controlled bits.
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[0232] Here, the MAJ module is an MAJ quantum circuit, the UMA module is a UMA quantum circuit, and each of the
MAJ quantum circuit and the UMA quantum circuit includes two CNOT quantum logic gates and one TOFFOLI quantum
logic gate. The embodiment further includes, before said step "cascading the MAJ modules in the target module number
with the UMA modules in the target module number, so as to generate a target quantum circuit corresponding to the
adder": obtaining operation qubits corresponding to the two CNOT quantum logic gates and one TOFFOLI quantum
logic gate, the control relationship between the operation qubits and the timing relationship between the two CNOT
quantum logic gates and one TOFFOLI quantum logic gate; according to the operation qubits, the control relationship
and the timing relationship, use the two CNOT quantum logic gates and one TOFFOLI quantum logic gate to construct
and generate the MAJ quantum circuit or the UMA quantum circuit as a corresponding MAJ module or a corresponding
UMA module.

[0233] In this embodiment, the MAJ module and the UMA module constitute the front and rear cascading units of the
adder. FIG. 30 is a schematic illustration of the MAJ module provided in an embodiment of the present disclosure. The
MAJ module is used for extracting the carry item after each stage of addition and pass it to the next stage, so as to
calculate the final carry item. Here, FIG. 31 is a schematic illustration of the MAJ module quantum circuit combination
process provided in an embodiment of the present disclosure, wherein the MAJ module can be mainly composed of
three logic gates, i.e., two CNOT gates and one Toffoli gate. The function of the CNOT gate (the first and second logic
gates from left to right in FIG.31) is: add the controlling bit to the target bit to form a modulo 2 addition which is an
exclusive OR operation, and get (ei +ci) %2, (ei +f;) %2, the order of the two CNOT gates can be swapped. The function
of the Toffoli gate (the third logic gate from left to right in FIG.31) is: add both controlling bits to the target bit to get the
carry item cjj.q7 = (e AND ff;; ) XOR (e AND fj;; ) XOR (e AND fp; ). That is, to implement e; @ c; through the first CNOT
gate from left to right in FIG.31, to implement e; @ e; through the second CNOT gate from left to right in FIG.31, and to
implement ci+i through the third TOFFOLI gate from left to right in FIG.31, thereby forming the front-stage cascading
unit of the quantum adder with two CNOT gates and one TOFFOLI gate.

[0234] Example 1:e;is 1, f;is 1, and ¢; is 1.

[0235] The MAJ module starts by adding e; to c;, the value of ¢; becomes 0, then adds g, to f;, the value of f; also
becomes 0, and finally adds f; and c; to e;, the value of e; becomes 1, that is, the carry of ci+iis 1.

[0236] Example 2: e;is 0, f;is 1, and ¢; is 1.

[0237] The MAJ module starts by adding e; to c;, the value of ¢; becomes 1, then adds g, to f;, the value of f; also
becomes 1, and finally adds f; and c; to e;, the value of e; becomes 1, that is, the carry of ci+iis 1.

[0238] FIG.32 is a schematic illustration of the UMA module provided in an embodiment of the present disclosure.
The UMA module is used in the subsequent stage of the cascaded adder. The implementation of a UMA module is
similar to that of an MAJ module. FIG.33 shows a schematic illustration of the UMA module quantum circuit combination
process provided in an embodiment of the present disclosure. First, use the Toffoli gate (the first logic gate from left to
right in FIG.33) to restore ci 4 to e;, and then use e i to execute a CNOT gate (the second logic gate from left to right in
FIG.33) on (e+c) %2 as a restoration to restore (ei +ci) %2 to ¢;, and finally, use ¢; execute a CNOT gate (the third logic
gate from left to right in FIG.33) on (e;+f) %2, and get the final result of the current bit sj; = ej; XOR fj;; XOR cy;.
[0239] Example 1: (e;+c;) %2 is 0, (e;+f;) %2 is 0, Cjyq is 1.

[0240] Startby adding (e; +c;) %2 and (e; +f;) %2 to c,,1, the value of ¢;, 1 becomes 1, and the meaning thereof becomes
e;, then add e; to (e+c;) %2, the value of (e;+c;) %2 becomes 1, and the meaning thereof becomes c;, then add ¢; to (ei
+f;) %2, the value of (ei +f;) %2 becomes 1, and the meaning thereof becomes si.

[0241] Example 2: (ej+c;) %2is 1, (e;+5) %2 is 1, Ciyq is 1.

[0242] Startby adding (ei +ci) %2 and (ei +f;) %2 to ci+i, the value of ci+i becomes 0, and the meaning thereof becomes
e;, then add e; to (e;+c;) %2, the value of (ei +ci) %2 becomes 1, and the meaning thereof becomes ¢;, then add c; to (ei
+f;) %2, the value of (ei +f;) %2 becomes 0, and the meaning thereof becomes si.

[0243] As shown in FIG.29, the last CNOT gate from top to bottom, that is, the CNOT gate between the MAJ module
and the UMA module in the entire adder, is used for storing the result of C;,4.

[0244] Executing, with the target quantum circuit, an addition operation of each sub-quantum state of the two quantum
states to be operated, so as to generate and output a target quantum state result.

[0245] In this embodiment, by inputting the sub-quantum state s of the two target quantum states, such as |[111> and
| 111>, into the adder (that is, the target quantum circuit), a corresponding binary representation of the operation result
of the target quantum state (including the carry term and the result term obtained by directly adding each sub-quantum
state ) is obtained. Then the binary expression of the result | 1110> of the target quantum state is directly output, or
further transform it into a decimal result output, completing the addition operation of the two target data.

[0246] Compared with the prior art, a method for quantum multiplication operation provided in the present disclosure
is used for implementing the basic multiplication operation in the quantum circuit, including obtaining multiplicand data
and multiplier data to be operated, and transforming the multiplicand data to the first target quantum state, transforming
the multiplier data to the second target quantum state; for each bit in the binary value stored in the second target quantum
state, according to the binary value of the current bit, a third target quantum state of the first preset auxiliary qubit as
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well as the first target quantum state with the stored binary value left-shifted are controlled to execute quantum state
evolution corresponding to the addition operation, so as to obtain an evoluted third target quantum state of the stored
addition operation result, and output a multiplication result of mutiplicating the multiplicand data with the multiplier data.
The disclosure fills the gap in the related art with a technology that enables implementation of basic arithmetic operation.
[0247] Referringto FIG.34, FIG.34 is a schematic structural illustration of a device for quantum multiplication operation
provided in an embodiment of the present disclosure, corresponding to the process shown in FIG.26, the device may
include:

An obtaining module 31001, configured for: obtaining multiplicand data and multiplier data to be operated, trans-
forming the multiplicand data into a first target quantum state, and transforming the multiplier data into a second
target quantum state; wherein, each of the first target quantum state and the second target quantum state stores
the binary value of the data, and the bit number of qubits corresponding to the first target quantum state is at least
twice the bit number of qubits corresponding to the second target quantum state;

Control module 31002, configured for: for each bit in the binary value stored in the second target quantum state,
according to the binary value of the current bit, controlling the third target quantum state of the first preset auxiliary
qubit and the first target quantum state after left-shifting of the stored binary value to execute quantum state evolution
corresponding to the addition operation, and obtaining an evoluted third target quantum state of the stored addition
operation result; wherein the initial state of the third target quantum state is 10), and the bit number by which the
binary value left-shifts is determined by the bit number of the current bit; and

Output module 31003, configured for outputting the finally obtained third target quantum state as a multiplication
result of the multiplicand data and the multiplier data.

[0248] Optionally, the device further includes:

A storage module, configured for obtaining a first sub-quantum state storing the sign bit of the multiplicand data and a
second sub-quantum state storing the sign bit of the multiplier data.

[0249] An evolution module, configured for: according to the first sub-quantum state and the second sub-quantum
state , evolving an initial state of the third sub-quantum state which is to store the sign bit of the multiplication result, into
a final state of the third sub-quantum state which has stored the sign bit of the multiplication result.

[0250] Optionally, the evolution module includes:

A first execution unit, configured for: executing a CNOT gate on a first sign-bit-qubit corresponding to the first sub-
quantum state and a second sign-bit-qubit corresponding to the second sub-quantum state ; wherein the first sign-
bit-qubit is used as the controlling bit of the CNOT gate, and the second sign-bit-qubit is used as the controlled bit
of the CNOT gate;

A second execution unit, configured for: executing a CNOT gate on the current second sign-bit-qubit and a third
sign-bit-qubit corresponding to a third sub-quantum state which is to store the sign-bit of the multiplication result,
so as to evolve an initial state of the third sub-quantum state which is to store the sign bit of the multiplication result
into a final state of the third sub-quantum state which has stored the sign bit of the multiplication result; wherein the
second sign-bit qubit is used as the controlling bit of the CNOT gate, the third sign-bit-qubit is used as the controlled
bit of the CNOT gate, and the initial state is a 10) state;

A third execution unit, configured for: executing CNOT gate on the current first sign-bit-qubit and the current second
sign-bit-qubit to restore the current second sub-quantum state , wherein, the first sign-bit-qubit is used as the con-
trolling bit of the CNOT gate, and the second sign-bit-qubit is used as the controlled bit of the CNOT gate.

[0251] Optionally, after the output module, the device further includes: a restore module, configured for restoring the
current first target quantum state by using quantum logic gates.

[0252] Optionally, the control module includes:

An obtaining unit, configured for: obtaining a first preset auxiliary qubit in the same bit number as the qubit corresponding
to the first target quantum state, and initializing a third target quantum state of the first preset auxiliary qubit as 10).
[0253] A determining unit, configured for: determining the binary value of the current bit, starting from the first bit in
the binary value stored in the second target quantum state.

[0254] A fourth execution unit, configured for: in the case of determining that the binary value of the current bit is 1,
executing quantum state evolution corresponding to the addition operation on the current third target quantum state of
the first preset auxiliary qubit and the current first target quantum state; otherwise, no operation is executed.

[0255] A swapping unit, configured for: swapping between the sub-quantum state s contained in the first target quantum
state using quantum logic gates, so that the binary value stored in the first target quantum state is left-shifted by one bit;
An incrementing unit, configured for: incrementing the bit number of the current bit by 1, and return to the step of
determining the binary value of the current bit, until the last bit in the binary value stored in the second target quantum
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state is determined.
[0256] Optionally, the control module includes:

A determination unit, configured for: according to the bit number of qubits corresponding to the two quantum states
to be operated, determining the target module number of the front-cascading modules (MAJ modules) to be cascaded
and that of the rear-cascading modules (UMA modules) to be cascaded, wherein the number of the MAJ modules
equals to the number of the UMA modules;

A first cascading unit, configured for: according to an addition instruction, cascading the MAJ modules and the UMA
modules both in the target module number, to generate a target quantum circuit corresponding to the adder;

A first generating unit, configured for: executing, with the target quantum circuit, an addition operation of each sub-
quantum state of the two quantum states to be operated, so as to generate and output a target quantum state result.

[0257] Optionally, before the first cascading unit, the device further includes:

An obtaining unit, configured for: obtaining operation qubits corresponding to the two CNOT quantum logic gates
and one TOFFOLI quantum logic gate, a control relationship between the operation qubits, and a timing relationship
between the two CNOT quantum logic gates and the one TOFFOLI quantum logic gate;

A construction unit, configured for: according to the operation qubits, the control relationship and the timing rela-
tionship, using the two CNOT quantum logic gates and the one TOFFOLI quantum logic gate to construct and
generate the MAJ quantum circuit or the UMA quantum circuit as a corresponding MAJ module or a corresponding
UMA module.

[0258] Optionally, the first cascading unit specifically includes:

A second generating unit, configured for: according to the addition instruction, using three output items of an MAJ
cascading module as three input items of a corresponding UMA cascading module, so as to cascade the MAJ cascading
module with the corresponding UMA cascading module to generate a target quantum circuit corresponding to the adder,
wherein the MAJ cascading module is determined by cascading between MAJ modules in the target module number,
and the UMA cascading module is determined by cascading between UMA modules in the target module number.
[0259] Optionally, the second generating unit specifically includes:

A second cascading unit, configured for: according to the addition instruction, using the carry output item output by
the previous MAJ module and the two quantum substrate input items to be operated as the three input items of the
next MAJ module, so as to cascade the MAJ modules in the target module number;

A third cascading unit, configured for: using two intermediate result output items of an MAJ module as two input
items of a corresponding UMA module, obtaining a previous UMA module preceeding the corresponding UMA
module, and using the result carry output item of the previous UMA module as an input item of the corresponding
UMA module, so as to cascade MAJ modules in the target module number and the UMA modules in the target
module number to generate the initial quantum circuit, wherein the carry output item of the last MAJ module is used
as an input item to the corresponding first UMA module;

A third generating unit, configured for: adding a CNOT quantum logic gate between the last MAJ module and the
corresponding first UMA module in the initial quantum circuit, wherein the qubit corresponding to the carry output
item of the MAJ module is used as the controlling bit, and the preset auxiliary qubit is used as the controlled bit, so
as to generate the target quantum circuit of the adder.

[0260] Compared with the prior art, a method for quantum multiplication operation provided in the present disclosure
is used for implementing the basic multiplication operation in the quantum circuit, including obtaining multiplicand data
and multiplier data to be operated, and transforming the multiplicand data to the first target quantum state, transforming
the multiplier data to the second target quantum state; for each bit in the binary value stored in the second target quantum
state, according to the binary value of the current bit, a third target quantum state of the first preset auxiliary qubit as
well as the first target quantum state with the stored binary value left-shifted are controlled to execute quantum state
evolution corresponding to the addition operation, so as to obtain an evoluted third target quantum state of the stored
addition operation result, and output a multiplication result of mutiplicating the multiplicand data with the multiplier data.
The disclosure fills the gap in the related art with a technology that enables implementation of basic arithmetic operation.
[0261] An embodiment of the present disclosure also provides a storage medium, wherein a computer program is
stored in the storage medium, wherein the computer program is configured to execute the steps in any one of the above
method embodiments when running.

[0262] Specifically, in this embodiment, the above-mentioned storage medium may be configured to store a computer
program for executing the following steps:
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S3201: Obtaining multiplicand data and multiplier data to be operated, transforming the multiplicand data into a first
target quantum state, and transforming the multiplier data into a second target quantum state; wherein, each of the
first target quantum state and the second target quantum state stores the binary value of the data, and the bit number
of qubits corresponding to the first target quantum state is at least twice the bit number of qubits corresponding to
the second target quantum state.

S3202: For each bit in the binary value stored in the second target quantum state, according to the binary value of
the current bit, controlling the third target quantum state of the first preset auxiliary qubit and the first target quantum
state after left-shifting of the stored binary value to execute quantum state evolution corresponding to the addition
operation, and obtaining an evoluted third target quantum state of the stored addition operation result; wherein the
initial state of the third target quantum state is 10), and the bit number by which the binary value left-shifts is
determined by the bit number of the current bit.

S$3203: Outputting the finally obtained third target quantum state as a multiplication result of the multiplicand data
and the multiplier data.

[0263] Specifically, in this embodiment, the above-mentioned storage medium may include but not limited to: U disk,
read-only memory (Read-Only Memory, ROM for short), random access memory (Random Access Memory, RAM for
short), various mobile media that can store computer programs, such as hard disks, magnetic disks, or optical disks.
[0264] An embodiment of the present disclosure also provides an electronic device including: a memory having a
computer program stored therein, and a processor configured to execute the computer program to perform the method
steps in any one of the method embodiments described above.

[0265] Specifically, the electronic device may further include a transmission device and an I/O device, wherein the
transmission device is connected to the processor, and the 1/0 device is connected to the processor.

[0266] Specifically, in this embodiment, the above-mentioned processor may be configured to execute the following
steps through a computer program:

S3201: Obtaining multiplicand data and multiplier data to be operated, transforming the multiplicand data into a first
target quantum state, and transforming the multiplier data into a second target quantum state; wherein, each of the
first target quantum state and the second target quantum state stores the binary value of the data, and the bit number
of qubits corresponding to the first target quantum state is at least twice the bit number of qubits corresponding to
the second target quantum state.

S3202: For each bit in the binary value stored in the second target quantum state, according to the binary value of
the current bit, controlling the third target quantum state of the first preset auxiliary qubit and the first target quantum
state after left-shifting of the stored binary value to execute quantum state evolution corresponding to the addition
operation, and obtaining an evoluted third target quantum state of the stored addition operation result; wherein the
initial state of the third target quantum state is 10), and the bit number by which the binary value left-shifts is
determined by the bit number of the current bit.

S$3203: Outputting the finally obtained third target quantum state as a multiplication result of the multiplicand data
and the multiplier data.

[0267] The above-described embodiments can be summarized as follows.

C31. A method for quantum multiplication operation, characterized by including: obtaining multiplicand data and
multiplier data to be operated, transforming the multiplicand data into a first target quantum state, and transforming
the multiplier data into a second target quantum state; wherein, each of the first target quantum state and the second
target quantum state stores the binary value of the data, and the bit number of qubits corresponding to the first
target quantum state is at least twice the bit number of qubits corresponding to the second target quantum state;
for each bit in the binary value stored in the second target quantum state, according to the binary value of the current
bit, controlling the third target quantum state of the first preset auxiliary qubit and the first target quantum state after
left-shifting of the stored binary value to execute quantum state evolution corresponding to the addition operation,
and obtaining an evoluted third target quantum state of the stored addition operation result; wherein the initial state
of the third target quantum state is 10), and the bit number by which the binary value left-shifts is determined by the
bit number of the current bit; and outputting the finally obtained third target quantum state as a multiplication result
of the multiplicand data and the multiplier data.

C32. A method of C31, characterized by further including: obtaining a first sub-quantum state storing the sign bit of
the multiplicand data and a second sub-quantum state storing the sign bit of the multiplier data; and according to
the first sub-quantum state and the second sub-quantum state , evolving an initial state of the third sub-quantum
state which is to store the sign bit of the multiplication result, into a final state of the third sub-quantum state which
has stored the sign bit of the multiplication resuilt.
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C33. A method of C31 or C32, characterized in that, said "according to the first sub-quantum state and the second
sub-quantum state, evolving an initial state of the third sub-quantum state which is to store the sign bit of the
multiplication result, into a final state of the third sub-quantum state which has stored the sign bit of the multiplication
result" includes: executing a CNOT gate on a first sign-bit-qubit corresponding to the first sub-quantum state and a
second sign-bit-qubit corresponding to the second sub-quantum state ; wherein the first sign-bit-qubit is used as
the controlling bit of the CNOT gate, and the second sign-bit-qubit is used as the controlled bit of the CNOT gate;
executing a CNOT gate on the current second sign-bit-qubit and a third sign-bit-qubit corresponding to a third sub-
quantum state which is to store the sign bit of the multiplication result, so as to evolve an initial state of the third
sub-quantum state which is to store the sign bit of the multiplication result into a final state of the third sub-quantum
state which has stored the sign bit of the multiplication result; wherein the second sign-bit qubit is used as the
controlling bit of the CNOT gate, the third sign-bit-qubit is used as the controlled bit of the CNOT gate, and the initial
state is a 10) state; executing CNOT gate on the current first sign-bit-qubit and the current second sign-bit-qubit to
restore the current second sub-quantum state , wherein, the first sign-bit-qubit is used as the controlling bit of the
CNOT gate, and the second sign-bit-qubit is used as the controlled bit of the CNOT gate.

C34. A method according to any one of C31-C33, characterized in that, after the operation result stored in the third
target quantum state is finally obtained, restore the current first target quantum state using quantum logic gates.
C35. A method according to any one of C31-C34, characterized in that, said "for each bit in the binary value stored
in the second target quantum state, according to the binary value of the current bit, controlling the third target
quantum state of the first preset auxiliary qubit and the first target quantum state after left-shifting of the stored binary
value to execute quantum state evolution corresponding to the addition operation" includes: obtaining a first preset
auxiliary qubit in the same bit number as the qubit corresponding to the first target quantum state, and initializing a
third target quantum state of the first preset auxiliary qubit as 10); determining the binary value of the current bit,
starting from the first bit in the binary value stored in the second target quantum state; in the case of determining
that the binary value of the current bitis 1, executing quantum state evolution corresponding to the addition operation
on the current third target quantum state of the first preset auxiliary qubit and the current first target quantum state;
otherwise, no operation is executed; swapping between the sub-quantum state s contained in the first target quantum
state using quantum logic gates, so that the binary value stored in the first target quantum state is left-shifted by
one bit; incrementing the bit number of the current bit by 1, and return to the step of determining the binary value
of the current bit, until the last bit in the binary value stored in the second target quantum state is determined.
C36. A method according to any one of C31-C35, characterized in that said "executing quantum state evolution
corresponding to the addition operation" includes: according to the bit number of qubits corresponding to the two
quantum states to be operated, determining a target module number of the front-cascading modules (MAJ module)
to be cascaded and a target module number of the rear-cascading modules (UMA module) to be cascaded, wherein
the number of the MAJ modules equals to the number of the UMA modules; according to an addition instruction,
cascading the MAJ modules and the UMA modules both in the target module number, to generate a target quantum
circuit corresponding to the adder; executing, with the target quantum circuit, an addition operation of each sub-
quantum state of the two quantum states to be operated, so as to generate and output a target quantum state result.
C37. A method according to any one of C31-C36, characterized in that, the MAJ module is an MAJ quantum circuit,
the UMA module is a UMA quantum circuit, and each of the MAJ quantum circuit and the UMA quantum circuit
includes two CNOT quantum logic gates and one TOFFOLI quantum logic gate, the method further includes, before
the step "according to an addition instruction, cascading the MAJ modules and the UMA modules both in the target
module number, to generate a target quantum circuit corresponding to the adder": obtaining operation qubits cor-
responding to the two CNOT quantum logic gates and one TOFFOLI quantum logic gate, a control relationship
between the operation qubits, and a timing relationship between the two CNOT quantum logic gates and the one
TOFFOLI quantum logic gate; and according to the operation qubits, the control relationship and the timing rela-
tionship, using the two CNOT quantum logic gates and the one TOFFOLI quantum logic gate to construct and
generate the MAJ quantum circuit or the UMA quantum circuit as a corresponding MAJ module or a corresponding
UMA module.

C38. A method according to any one of C31-C37, characterized in that, the MAJ module and the UMA module each
includes three input items and three output items, and said step "according to an addition instruction, cascading the
MAJ modules and the UMA modules both in the target module number, to generate a target quantum circuit corre-
sponding to the adder" specifically includes: according to the addition instruction, using three output items of an
MAJ cascading module as three input items of a corresponding UMA cascading module, so as to cascade the MAJ
cascading module with the corresponding UMA cascading module to generate a target quantum circuit corresponding
to the adder, wherein the MAJ cascading module is determined by cascading between MAJ modules in the target
module number, and the UMA cascading module is determined by cascading between UMA modules in the target
module number.

C39. The method according to any one of C31-C38, wherein the three input items of the MAJ module include a
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carry input item and two sub-quantum state input items to be operated, the three output items of the MAJ module
include a carry output item and two intermediate result output items, the three input items of the UMA module include
a carry output item and two intermediate result output items of the corresponding MAJ module, and the three output
items of the UMA module include a result carry output item, an accumulation output item and a sub-quantum state
inputitem to be operated, said step "according to an addition instruction, using three outputitems of an MAJ cascading
module as three input items of a corresponding UMA cascading module, so as to cascade the MAJ cascading
module with the corresponding UMA cascading module to generate a target quantum circuit corresponding to the
adder" specifically includes: according to the addition instruction, using the carry output item output by the previous
MAJ module and the two quantum substrate input items to be operated as the three input items of the next MAJ
module, so as to cascade the MAJ modules in the target module number; using two intermediate result output items
of an MAJ module as two inputitems of a corresponding UMA module, obtaining a previous UMA module preceeding
the corresponding UMA module, and using the result carry output item of the previous UMA module as an input
item of the corresponding UMA module, so as to cascade MAJ modules in the target module number and the UMA
modules in the target module number to generate the initial quantum circuit, wherein the carry output item of the
last MAJ module is used as an input item to the corresponding first UMA module; and adding a CNOT quantum
logic gate between the last MAJ module and the corresponding first UMA module in the initial quantum circuit,
wherein the qubit corresponding to the carry output item of the MAJ module is used as the controlling bit, and the
preset auxiliary qubit is used as the controlled bit, so as to generate the target quantum circuit of the adder.

C310. A device for quantum multiplication operation, characterized in that the device includes: an obtaining module,
configured for obtaining multiplicand data and multiplier data to be operated, transforming the multiplicand data into
a first target quantum state, and transforming the multiplier data into a second target quantum state; wherein, each
of the first target quantum state and the second target quantum state stores the binary value of the data, and the
bit number of qubits corresponding to the first target quantum state is at least twice the bit number of qubits corre-
sponding to the second target quantum state; a control module, configured for: for each bit in the binary value stored
in the second target quantum state, according to the binary value of the current bit, controlling the third target
quantum state of the first preset auxiliary qubit and the first target quantum state after left-shifting of the stored binary
value to execute quantum state evolution corresponding to the addition operation, and obtaining an evoluted third
target quantum state of the stored addition operation result; wherein the initial state of the third target quantum state
is 10), and the bit number by which the binary value left-shifts is determined by the bit number of the current bit;
and an output module, configured for outputting the finally obtained third target quantum state as a multiplication
result of the multiplicand data and the multiplier data.

C311. An electronic device including a memory having a computer program stored therein, and a processor, con-
figured to execute the computer program to perform the method of any one of C31-C39.

C312. A storage medium, characterized in that a computer program is stored in the storage medium, wherein the
computer program is configured to execute any one of the methods in C31-C39 when running.

[0268] Compared with the prior art, a method for quantum multiplication operation provided in the present disclosure
is used for implementing the basic multiplication operation in the quantum circuit, including obtaining multiplicand data
and multiplier data to be operated, and transforming the multiplicand data to the first target quantum state, transforming
the multiplier data to the second target quantum state; for each bit in the binary value stored in the second target quantum
state, according to the binary value of the current bit, a third target quantum state of the first preset auxiliary qubit as
well as the first target quantum state with the stored binary value left-shifted are controlled to execute quantum state
evolution corresponding to the addition operation, so as to obtain an evoluted third target quantum state of the stored
addition operation result, and output a multiplication result of mutiplicating the multiplicand data with the multiplier data.
The disclosure fills the gap in the related art with a technology that enables implementation of basic arithmetic operation.
[0269] Referring to Fig. 35, Fig. 35 is a schematic flowchart of a method for quantum division operation provided in
an embodiment of the present disclosure, which may include the following steps:

S4201. Obtaining dividend data and divisor data to be operated, transforming the dividend data into a first target quantum
state, and transforming the divisor data into a second target quantum state; wherein, each of the first target quantum
state and the second target quantum state includes: a sign-bit sub-quantum state representing a data sign and a value
bit sub-quantum state representing a data value;

[0270] Specifically, the existing amplitude encoding method can be used for transforming the decimal data to be
operated into a binary quantum state representation. For example, the dividend data is 7, the signed binary expression
thereof is 0111, the highest bit is 0 for positive numbers, and 1 for negative numbers; the divisor data is 4, and the signed
binary expression thereof is 011. It is to be noted that, in this embodiment, the highest bits of the first target quantum
state and the second target quantum state are both 0, that is, both the dividend and the divisor participating in the
operation are positive numbers.

[0271] Obtain atleast 4 qubits "a.sign", "a2", "a1", and "a0". Encode 7 to the first target quantum state |0111) of "a.sign,
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a2, a1, a0", and set the amplitude of the quantum state to 1. Here, |0111) = |0)|1)|1)|1), where |0), |1), |1), |1) are called
sub-quantum state s of [0111), one sub-quantum state corresponding to one qubit, and from right to left means from
high to low: the highest bit corresponds to a. sign, the third bit corresponds to a2, the second bit corresponds to a1, the
lowest bit corresponds to a0, the highest bit |0)represents the sign-bit sub-quantum state , and the rest represent the
value bit sub-quantum state s. In order to unify the operation dimension, 4 more qubits b.sign, b2, b1, b0 are additionally
obtained, and 4 is encoded into the second target quantum state |0100) of b.sign, b2, b1, b0, the amplitude of which is
also 1.

[0272] S4202. For the first target quantum state and the second target quantum state, iteratively executing the quantum
state evolution corresponding to the subtraction operation, and counting the number of executions of the subtraction
operation until the dividend data is reduced to a negative number, wherein, the minuend of each subtraction operation
is the subtraction result of the last subtraction operation, and the subtrahend is the divisor data;

[0273] Specifically, the number of executions of the subtraction operation refers to the number of quantum state
evolutions corresponding to the subtraction operations executed on the first target quantum state and the second target
quantum state, that is, the number of iterations.

[0274] In a specific implementation, the quantum state evolution corresponding to the subtraction operation may be
executed on the current first target quantum state and the second target quantum state, so as to obtain the first target
quantum state including the subtraction operation result;

For the third target quantum state of the current first preset auxiliary qubit and the fourth target quantum state of
the current second preset auxiliary qubit, execute the quantum state evolution corresponding to the subtraction
operation, so as to increment the value included in the current third target quantum state by 1; wherein, the initial
value included in the third target quantum state and the value included in the fourth target quantum state are both -1;
Measuring the sign-bit sub-quantum state of the firsttarget quantum state currently including the subtraction operation
result, and determining whether the value of the sign bit of the first target quantum state currently including the
subtraction operation result is 0;

In the case that the value of the sign bit of the first target quantum state currently including the subtraction operation
result is O, return to the step of executing the quantum state evolution corresponding to the subtraction operation
for the current first target quantum state and the current second target quantum state, until it is determined that the
value of the sign bit of the first target quantum state currently including the subtraction operation result is 1.

For Example: the current first target quantum state and the second target quantum state are respectively [0111)
and |0100). Executing quantum state evolution corresponding to subtraction operation on the |0111) and the |0100),
to subtract the value 0100 included in |0100) from the value 0111 included in |0111), to obtain the first target quantum
state |0011) including the subtraction result 0011, while the second target quantum state |0100) remains unchanged;
Obtain the 4 bits "r.sign, r2, r1, r0" of the first preset auxiliary qubit, the current third target quantum state of "r.sign,
r2, r1, r0" is the initial state, which can be set as |1001). That is, the initial value included therein is - 1. Also, obtain
4 bits "d.sign, d2, d1, d0" of the second preset auxiliary qubit, and the current fourth target quantum state of "d.sign,
d2, d1, d0" is also |1001);

Here, the quantum state of a qubit is usually initialized as 10), and by applying a quantum logic gate operation such
as the X gate to the corresponding qubit to invert the 10) state, a 11) state may be obtained;

Then, the quantum state evolution corresponding to the subtraction operation is executed on the current third target
quantum state |[1001) and the current fourth target quantum state |[1001), so as to subtract the value 1001 included
in[1001) from the value 1001 includedin|1001) to obtain the third target quantum state |0000) including the subtraction
result 0, while the fourth target quantum state |1001)remains unchanged, thereby realizing incrementing by 1 for
the value -1 of the original third target quantum state |[1001);

By applying a measurement operation to the qubit "a.sign" corresponding to the sign-bit sub-quantum state of the
first target quantum state, it is measured the sign-bit sub-quantum state of the current first target quantum state
|00011) that includes the subtraction operation result to be 10), that is, the value of the sign-bit is 0. Return to the
step of executing the quantum state evolution corresponding to the subtraction operation for the current first target
quantum state and the current second target quantum state:

At this time, for the current first target quantum state is |0011) and the current second target quantum state
|0100), continue to execute the quantum state evolution corresponding to the subtraction operation, to obtain
the first target quantum state |[1001) and the second target quantum state |0100);

For the current third target quantum state |0000), and the current fourth target quantum state |1001), continue
to execute the quantum state evolution corresponding to the subtraction operation, and get: the third target
quantum state |0001), and the fourth target quantum state |[1001), thereby the value 0 of the original third target
quantum state |0000) continues to increment by 1;

It is measured that the sign-bit sub-quantum state of the current first target quantum state |[1001) is 11), that is,
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the value of the sign bitis 1, indicating that the dividend 7 is reduced to a negative number after two subtractions,
and the iteration ends. It can be seen that the final number of iterations is 1, and the third target quantum state
plays the role of counting.

[0275] S4203. Outputting the finally obtained counting result as a quotient of dividing the dividend data by the divisor
data.

[0276] Specifically, the finally obtained third target quantum state may be output, wherein the value contained in the
third target quantum state is a quotient of dividing the dividend data by the divisor data.

[0277] Continuing to take the above as an example, the final third target quantum state obtained after the iteration is
|0001), the value contained therein is 0001, as the quotient of dividing the dividend 7 by the divisor 4, the third target
quantum state |0001) can be directly output, or the third target quantum state can be further transformed to the decimal
value 1 for outputting.

[0278] In practical applications, the remainder of the division operation can also be calculated according to user
requirements. Specifically, the sign-bit sub-quantum state of the second target quantum state can be inverted, and the
quantum state evolution corresponding to the subtraction operation can be executed on the current first target quantum
state and the second target quantum state after the sign bit is inverted, to obtain the remainder of dividing the dividend
data by the divisor data.

[0279] Continuing to take the above as an example, the finally obtained first target quantum state is [1001), the second
target quantum state is |0100), the third target quantum state is |0001), and the fourth target quantum state is |1001).
At this time, the sign-bit sub-quantum state of the second target quantum state 10) is inverted, and the inverted second
target quantum state is |1100). For the current first target quantum state |1001)and the inverted second target quantum
state |1100), the quantum state evolution corresponding to the subtraction operation is executed, and the evolved first
target quantum state is |0011), the evolved second target quantum state is|1100), where |0011) contains the binary
value 0011 (decimal value 3) is the remainder of dividing the dividend 7 by the divisor 4.

[0280] For Example: FIG. 36 is a schemaitic illustration of a quantum circuit for executing a quantum division operation.
As shown in FIG.36, "t" is the classical bit for storing the measurement result, "a.sign" and "a" are qubits for encoding
the sign and value of the dividend data;

"b.sign" and "b" are qubits for encoding the sign and value of the divisor data;

"r.sign”, "r", and "r[0]" form the first preset auxiliary qubits, where "r.sign" is the qubit for encoding the sign of the
quotient, "r" and "r[0]" are the qubits for encoding the value of the quotient, "r[0]" is the lowest bit;

"d.sign", "d", and "d[0]" form the second preset auxiliary qubits, where "d.sign" is the qubit for encoding the sign of
the quotient, "d" and "d[0]" are the qubits for encoding the value of the quotient, "d[0]" is the lowest bit;

"k" is the auxiliary qubit required by the subtractor module, a total of n+2 bits; the subtractor module is a functional
module that executes the quantum state evolution corresponding to the subtraction operation; "Measure" is a meas-
urement operation; and "Qwhile" represents the quantum iterative operation in the second layer, that is, when the
classical bit t storing the storage measurementresultis less than 1, the aforementioned iterative operation is executed
until t reaches 1 and the iteration ends. "X" represents the quantum logic gate X, and the execution timing of the
quantum circuit is from the first layer to the fifth layer.

[0281] In practical applications, where either of the dividend or divisor is a negative number, the preset sign-bit-qubit
may further be obtained, to execute a preset quantum logic gate operation on the qubit corresponding to the sign-bit
sub-quantum state of the first target quantum state, the qubit corresponding to the sign-bit sub-quantum state of the
second target quantum state, the first preset auxiliary qubit and the preset sign-bit-qubit, so as to finally obtain the sign
value represented by the sign-bit sub-quantum state in the third target quantum state.

[0282] For Example: FIG. 37 is a schematic illustration of a quantum circuit for a quantum division operation, which
supports sign bit operations. On the basis of the quantum circuit shown in FIG.36, sign-bit-qubits k[0] and k[1] are added.
Here, the circle icons connected with a vertical line represent a quantum logic gate CNOT gate, the qubit corresponding
to the time line where the big circle is located is the controlled bit, and the qubit corresponding to the time line where
the solid point is located is the controlling bit.

[0283] By applying a series of CNOT gates as shown in FIG.37 to ko, k43, @.sign, b.sign, r.sign, a sign-bit sub-quantum
state including the sign value of the quotient can finally be obtained on r. sign.

[0284] The specific implementation of the quantum state evolution corresponding to the subtraction operation is de-
scribed in detail below.

[0285] Specifically, the quantum state evolution corresponding to the subtraction operation can be executed through
the subtractor, which can include:

S4301. For the two quantum states to be operated, i.e., the minuend quantum state including the minuend data and
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the subtrahend quantum state including the subtrahend data respectively, obtaining the quantum state of the third
preset auxiliary qubit; according to the sign-bit sub-quantum state in the minuend quantum state and the quantum
state of the third preset auxiliary qubit, control the minuend quantum state to execute quantum state evolution
corresponding to the complement operation so as to obtain the first complement quantum state, wherein the first
complement quantum state is a quantum state including the complement of the minuend data;

As can be seen from the foregoing embodiments, the two quantum states to be operated have the following groups:
one consisting of the first target quantum state and the second target quantum state; one consisting of the third
target quantum state and the fourth target quantum state; and one consisting of the first target quantum state and
the second target quantum state after the sign-bit-inversion. Here, the former can be called the minuend quantum
state, and the data contained therein is called the minuend in the subtraction operation, and the latter can be called
the subtrahend quantum state, and the data contained therein is called the subtrahend.

[0286] This embodimentis mainly used forimplementing the function of the subtractor. The biggest difference between
the subtractor and the adder in the following text is that, the subtractor may produce a negative number. Therefore, a
binary handling way is used in which a sign bit is added to both the subtrahend and the minuend so as to represent the
positive and negative sign of the value, and use the complement to execute the operation. The complement of positive
numbers remains unchanged, while negative numbers are bitwise inverted and increment by 1 except for the sign bit.
In a corresponding instance of the quantum circuit, the sign bit is used for controlling whether to execute the complement
operation, the X gate is used for inversion, and the increment by 1 can be realized through the adder. In the case of
complement, after the operation is completed, and the target value is obtained after execution of a further complement
operation on the result. The minuend data and the subtrahend data to be operated are obtained, and the minuend data
and the subtrahend data are transformed respectively into a first target quantum state and a second target quantum
state. Here, each of the first target quantum state and the second target quantum state includes: a sign-bit sub-quantum
state representing the data sign and a value bit sub-quantum state representing the data value.

[0287] Specifically, according to the sign-bit sub-quantum state in the minuend quantum state and the quantum state
of the third preset auxiliary qubit, by controlling the minuend quantum state to execute quantum state evolution corre-
sponding to the complement operation, a CNOT gate operation may be executed on the first sign-bit-qubit corresponding
to the sign-bit sub-quantum state in the minuend quantum state, and on the third preset auxiliary qubit, wherein the first
sign-bit-qubit is a controlling bit, and the third preset auxiliary qubit is a controlled bit. Moreover, it is reasonable and
feasible to substitute the CNOT gate with other existing quantum logic gates or combinations of logic gates that are
equivalent.

[0288] According to the quantum state of the third preset auxiliary qubit after execution of the CNOT gate operation,
control whether the current minuend quantum state executes the quantum state evolution corresponding to the comple-
ment operation;

If yes, invert the non-sign-bit sub-quantum state of the current minuend quantum state, and for the inverted minuend
quantum state and the quantum state |1) of the fourth preset auxiliary qubit, execute quantum state evolution corre-
sponding to the addition operation, to obtain the evolved first complement quantum state, otherwise, the minuend
quantum state is used as the first complement quantum state. Here, the quantum state evolution corresponding to the
complement operation is controlled to be executed only when the quantum state of the third preset auxiliary qubit after
execution of the CNOT gate operation can be 11), otherwise it will not be executed.

[0289] Execute a CNOT gate operation on the current first sign-bit-qubit and the third preset auxiliary qubit to restore
the quantum state of the current third preset auxiliary qubit; wherein, the first sign-bit-qubit is a controlling bit, and the
third preset auxiliary qubit is a controlled bit.

[0290] For Example: the minuend quantum state is assumed to be |[0011). The sign-bit sub-quantum state of |[0011)
is the highest bit sub-quantum state , that is, the |0)state, the value of this bit is 0, the corresponding first sign-bit-qubit
is set to g.sign, and the third preset auxiliary qubit is the preset qubit g4 , the initial |O)state.

[0291] Execute the CNOT gate operation on g.sign and q4, g.sign is used as the controlling bit, q is used as the
controlled bit, and the quantum state of the g.sign bit is a 10) state. After the CNOT gate operation, the quantum state
10) of the controlled bit g4 remains unchanged.

[0292] Since the quantum state of q; after execution of the CNOT gate operation is a |0)state, the quantum state
evolution corresponding to the complement operation is not executed on the minuend quantum state. The principle is
that when the minuend is a positive number, there is no need to complement it in the subtraction operation, or in other
words, its complement is itself, i.e., the |0011) can be directly used as the first complement quantum state.

[0293] Finally, the CNOT gate can be executed again on the current g.sign and g4. The quantum state of the g.sign
bit is a |0)state. After the CNOT gate operation, the quantum state 10) of the controlled bit q4 remains unchanged, and
q, is restored to the state 10), thereby releasing information stored in the third auxiliary qubit. It can be seen that the
value 0011 contained in the first complement quantum state is the complement of the minuend 0011.

[0294] As shown in FIG.38, q4 is the third preset auxiliary qubit, which is used for controlling whether to execute
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complement operation; the first target quantum state is g, and g.sign is the sign-bit sub-quantum state in the first target
quantum state, the remaining of g is the value bit sub-quantum state representing the data value, j is the fourth preset
auxiliary qubit, that is, an auxiliary qubit set to a value of 1, and p is an auxiliary qubit used by the adder ( the fifth preset
auxiliary qubit described below). Corresponding to FIG. 36, the above k is n+2 bits, i.e., it includes: n bits of j, 1 bit of p,
and 1 bit of q4.

[0295] The quantum circuit shown in Fig. 38 realizes the quantum circuit of the complement operation on g. First, the
CNOT gate operation is executed on g.sign and q4, so that g, temporarily represents g. sign, and q is used for controlling
whether to execute the complement operation. After finding the complement, restore q4, thereby controlling the minuend
quantum state to execute the quantum state evolution corresponding the complement operation to obtain the first com-
plement quantum state.

[0296] Specifically, according to the sign-bit sub-quantum state of g, the first preset auxiliary qubit q4 is used for
controlling whether to execute the complement operation. If g is a negative number, the complement operation of the
negative number is executed. The complement of a negative number is to increment by 1 after the bitwise inversion
except the sign bit. If the operation of bitwise inversion except the sign bit is realized by logic gates, it is only necessary
to execute X gates on all the value bits. Since increment by 1 is needed after inversion, therefore, by adding j and g, the
value of j is set to 1. The "p" is the auxiliary qubit of the adder, upon adding g and j after inverting the value bits, what
is stored on g is the value after the complement, then restore q, for the next use.

[0297] Example: when "g" is a negative number, "g.sign" is 1, and q, is also 1, and operations such as inversion need
to be executed, and when "g" is positive, "g.sign" is 0, and q is also 0, then there is no need to further execute a
complement operation.

[0298] S4302. For the sign-bit sub-quantum state in the subtrahend quantum state, executing quantum state evolution
corresponding to sign-bit-inversion, and according to a quantum state of the third preset auxiliary qubit and an inverted
sign-bit sub-quantum state , controlling a current subtrahend quantum state to execute a quantum state evolution cor-
responding to the complement operation so as to obtain a second complement quantum state; wherein the second
complement quantum state is a quantum state including the complement of the subtrahend data;

Specifically, the X gate operation can be executed on the second sign-bit-qubit corresponding to the sign-bit sub-
quantum state in the subtrahend quantum state, to obtain the inverted sign-bit sub-quantum state; wherein, it is also
reasonable and feasible to substitute the X gate with other existing quantum logic gates or combinations of quantum
logic gates that are equivalent;

Similarly, continue to execute the CNOT gate operation on the current second sign-bit-qubit and the third preset
auxiliary qubit, wherein the second sign-bit-qubit is a controlling bit, and the third preset auxiliary qubit is a controlled
bit;

According to the current quantum state of the third preset auxiliary qubit after execution of the CNOT gate operation,
control whether the current subtrahend quantum state executes the quantum state evolution corresponding to the
complement operation;

if yes, invert the non-sign-bit sub-quantum state of the current subtrahend quantum state, and execute quantum
state evolution corresponding to the addition operation on the subtrahend quantum state after the inversion and the
quantum state 11) of the fourth preset auxiliary qubit, to obtain the evolved second complement quantum state,
otherwise, use the current subtrahend quantum state as the second complement quantum state;

Execute a CNOT gate operation on the current second sign-bit-qubit and the third preset auxiliary qubit to restore
the current quantum state of the third preset auxiliary qubit; wherein, the second sign-bit-qubit is a controlling bit,
and the third preset auxiliary qubit is a controlled bit.

[0299] For Example: the minuend quantum state is assumed to be |0100). The sign-bit sub-quantum state of |[0100)
is the highest bit sub-quantum state , that is, the |0)state, the value of this bit is 0, the corresponding second sign-bit-
qubit is set to "h.sign", and the current third auxiliary qubit is restored to the state 10).

[0300] First, X gate may be executed on "h.sign", and invert the corresponding sign-bit sub-quantum state |1) into 10),
and the subtrahend quantum state becomes |1100).

[0301] Continue to execute the CNOT gate operation on "h.sign"” and g4, where "h.sign" is used as the controlling bit,
g, is used as the controlled bit, the quantum state of the current h.sign bit is a 11) state, after the CNOT gate operation,
the quantum state 10) of the controlled bit q, is inverted as a 11) state.

[0302] The quantum state of g, after execution of the CNOT gate operation is 11), and the quantum state evolution
corresponding to the complement operation is executed on the current subtrahend quantum state |1100) . An imple-
mentation of the quantum state evolution corresponding to the complement operation is as follows:

[0303] Invertthe non-sign-bit sub-quantum state of the current subtrahend quantum state |[1100), and execute quantum
state evolution corresponding to the addition operation on the inverted subtrahend quantum state | 1011) and the quantum
state |1) of the fourth preset auxiliary qubit, to obtain the evolved second complement quantum state |1100).
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[0304] Here, the non-sign-bit sub-quantum state |100) of |1100) can be inverted by execution of a X gate; in order to
keep the dimensions consistent, the fourth preset auxiliary qubit is a preset 4-bit qubit "j3, j2, j1, j0". The quantum state
|1) of the fourth preset auxiliary qubit is actually written as |0001), the two are equivalent.

[0305] Finally, the CNOT gate can be executed again on the current h.sign and q4. The quantum state of the "h.sign"
bitis a 11) state. After the CNOT gate operation, the quantum state |1) of the controlled bit q, is inverted into 10), thereby
restoring q4 to the initial 10) state again., releasing the storage space of q,. It can be seen that the value 1100 contained
in the second complement quantum state is the complement of the subtrahend 1100 after executing the X gate on "h.sign".
[0306] In this embodiment, similarly for the second target quantum state h: initially, the X gate is executed on ji, to
set the value to 1, and the X gate is executed on the sign-bit sub-quantum state "h.sign" in the second target quantum
state to turn subtraction into addition. As shown in FIG.39, FIG.39 is a schematic illustration of the quantum circuit for
the quantum state evolution corresponding to the complement operation executed on g and h, referring to a similar
pattern to the above to execute the quantum state evolution corresponding to the complement operation on the second
target quantum state "h", to obtain the second complement quantum state.

[0307] S4303. For the first complement quantum state and the second complement quantum state, executing quantum
state evolution corresponding to the addition operation, so as to evolve the first complement quantum state into a fifth
target quantum state including a sum of a complement of the minuend data and a complement of the subtrahend data;
For Example: for the first complement quantum state |0011) and the second complement quantum state |1100), the
quantum state evolution corresponding to the addition operation is executed, and the first complement quantum state
|0011)is evolved into the fifth target quantum state |[1111).

[0308] In this embodiment, after the complement is obtained, the addition operation is executed on g and h. After the
addition, the previous operation is restored, and the value stored in g is the desired value. Substituting the first complement
quantum state and the second complement quantum state into the quantum circuit of the adder, to execute a quantum
state evolution corresponding to the addition operation, thereby evolving the first complement quantum state to a third
target quantum state including the sum of the complement of the minuend data and the complement of the subtrahend
data.

[0309] S4304. According to the sign-bit sub-quantum state in the fifth target quantum state and the quantum state of
the third preset auxiliary qubit, control the fifth target quantum state to execute the quantum state evolution corresponding
to the complement operation, so as to obtain the evolved sixth target quantum state which is output as the subtraction
result of subtracting the subtrahend data from the minuend data; wherein, the sixth target quantum state is a quantum
state including a complement of the sum of the complement;

For Example: according to the sign-bit sub-quantum state |1) in the current fifth target quantum state |[1111) and the
current quantum state |0) of the third preset auxiliary qubit, control the fifth target quantum state |1111) to execute the
quantum state evolution corresponding to the complement operation, and obtain the evolved sixth target quantum state
|1001) including the value 1001 (decimal -1), which is the subtraction result of subtracting the subtrahend 0100 (decimal
4) contained in the subtrahend quantum state |0100) from the minuend 0011 (decimal 3) contained in the minuend
quantum state |0011).

[0310] It is to be noted that the quantum state evolution corresponding to the complement operation can be in the
same way as the above. After the evolution, the quantum state of the second preset auxiliary qubit is still restored to
10) to facilitate subsequent computing.

[0311] S4305. According to the sign-bit sub-quantum state in the current subtrahend quantum state and the quantum
state of the current third preset auxiliary qubit, controlling the current subtrahend quantum state to execute the quantum
state evolution corresponding to the complement operation, and executing quantum state evolution corresponding to
sign-bit-invertion for the sign-bit sub-quantum state in the current subtrahend quantum state, so as to restore the current
subtrahend quantum state.

[0312] For Example: the current subtrahend quantum state is the second complement quantum state |1100), and the
current quantum state of the third preset auxiliary qubit is 10). Continue to follow a similar pattern to the above to control
|1100) to execute the quantum state evolution corresponding to the complement operation, and then obtain the evolved
quantum state of [1100), and then use the X-gate operation to invert the sub-quantum state of its sign bit, and restore
it to the initial subtrahend quantum state |0100).

[0313] Inthis embodiment, after the addition operation, the quantum state evolution corresponding to the complement
operation is further executed on the third target quantum state of the sum of the complement of the minuend data and
the complement of the subtrahend data. As shown in FIG.40, first, the purpose of executing an X gate on j jo; is to set
the value of j (o to 1, which is convenient for the +1 operation in the complement. The reason for executing the X gate
operation on the sign bit of h is to transform g-h to g+(-h). Then, we execute the complement operation on both g and
h. After the execution is completed, add the complements of g and h. After obtaining the result, we execute a further
complement operation on g and h to restore to the normal value, and finally restore the initial operation, that s, to restore
the auxiliary qubits, which is to execute X gate twice. Thus, the quantum circuit diagram of the entire subtractor as shown
in FIG.41 is formed, which is a simple functional example.
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[0314] The specificimplementation of the quantum state evolution corresponding to the addition operation is described
in detail below.

[0315] Specifically, the quantum state evolution corresponding to the addition operation can be executed through the
adder, which may include:

S4401, according to the bit number of qubits corresponding to the two quantum states to be operated, determining a
target module number of the front-cascading modules (MAJ module) to be cascaded and a target module number of
the rear-cascading modules (UMA module) to be cascaded, wherein the number of the MAJ modules equals to the
number of the UMA modules;

[0316] It can be seen from the foregoing that the two quantum states to be operated may be: the first complement
quantum state and the second complement quantum state; the inverted minuend quantum state and the quantum state
11) of the fourth preset auxiliary qubit.

[0317] For Example: as shown in FIG.42, the first qubit in the circuit is the fifth preset auxiliary qubit, which is initially
a 10) state and will eventually return to a 10) state, "e" and "f" are the quantum states corresponding to the data to be
added, each corresponding to a group of qubits. "c" represents the final carry item, corresponding to the preset carry
auxiliary qubit, and "s" is the output bit that does not include a carry bit. It is generally required that the bit number of
qubits corresponding to "e" equals to that corresponding to "f", and the bit number of "s" equal to those of "e" and "f".
[0318] For Example: as shown in FIG.43, e il and f i are respectively the i-th bit of the quantum state corresponding
to the two addends, and c il is the previous-stage carry.

s ;=€ ] XOR f [ XOR ¢ i,

cri+1] = (eri] AND fji;) XOR (efij AND fjj) XOR (efij AND fii),

[0319] Here, the first qubit is the fifth preset auxiliary qubit, corresponding to ¢ in the quantum circuit. The first MAJ
module includes three input quantum states and three corresponding output quantum states, the three input quantum
states being c, ey, and fy, where e is the Oth-bit quantum state of the first quantum state to be operated, f; is the Oth
quantum state of the second quantum state to be operated, ¢ is the quantum state of the fifth preset auxiliary qubit,
and the initial value is 0, that is to say there is no carry. The three output quantum states are respectively ey @ cg, €9 ®
foand cq, where c4 is the carry after the addition of e and f;. Similarly, the three input quantum states of the next MAJ
module are ¢4, e4, and f;, and the three output quantum states are respectively e; ® ¢4, e4 @ f;, and c,, and so on to
the last MAJ module.

[0320] For the first UMA module, it includes three input quantum states and three corresponding output quantum
states, where the three output quantum states of the MAJ module correspond to the three input quantum states of the
UMA module, and the three output quantum states are respectively ¢, s, €y, Where s; is the carry-free result of adding
eg and fy. Similarly, s, is the carry-free result of adding e4 and f;, and so on, the ¢, is the final carry item. It is to be noted
that, in practical applications, where there is no need to calculate the final carry, the qubit corresponding to c, does not
have to be provided in the quantum circuit.

[0321] Moreover, the number of the MAJ modules and the number of UMA modules can be determined according to
the number of sub-quantum state s contained in any quantum state to be operated, one sub-quantum state corresponding
to one qubit, wherein the number of the MAJ modules is equal to the number of UMA modules. What is shown in the
figure is only an example, 4 qubits are required for encoding each of "e" and "f", and the number of MAJ modules and
that of UMA modules are both 4. The MAJ module and the UMA module constitute the front and rear cascading units
of the adder. The MAJ module can be used for extracting the carry term of any step and pass it to the next stage to
calculate the final carry term. The UMA module not only extracts the information of "c" and transmits it to the previous-
stage UMA, but also calculates the "s" (result item) of each stage and recovers the information of "e".

[0322] For Example: When 4 (corresponding encoding is expressed in a 3-qubit quantum state as 100) + 2 (corre-
sponding encoding is expressed in a 3-qubit quantum state as 010) = 6 (corresponding encoding is expressed in a 3-
qubit quantum state as 110). At this time, the bit number of qubits encoding the operation result is the same as the bit
number of qubits encoding "e" or the bit number of qubits used for encoding "f", and the number of the MAJ modules
and the number of UMA modules are both 3.

[0323] For Example: When 4 (corresponding encoding is expressed in a 3-qubit quantum state as 100) + 7 (corre-
sponding encoding is expressed in a 3-qubit quantum state as 111) = 11 (corresponding encoding is expressed in a 3-
qubit quantum state as 011). However, it can be understood that the binary number corresponding to 11 is 1011, and
the bit where the leftmost 1 is located is a carry item, which can be represented by an auxiliary qubit. At this time, the
bit number of qubits encoding the operation result is greater than the bit number of qubits encoding "e" or the bit number
of qubits used for encoding "f’, and the number of the MAJ modules and the number of UMA modules are both 3.
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[0324] For Example: when 2 (corresponding encoding is expressed in a 2-qubit quantum state as 10) + 4 (corresponding
encoding is expressed in a 3-qubit quantum state as 100) = 6 (corresponding encoding is expressed in a 3-qubit quantum
state as 110). At this time, the numerical item "3" encoding the numerical value of "6" equals to the number of quantum
states of the qubit encoding "b", and the number of the MAJ modules and the number of UMA modules are both 3.
[0325] S4402. According to the addition instruction, cascading the MAJ modules and UMA modules in the target
module number, to generate a target quantum circuit corresponding to the adder;

Here, the MAJ module and the UMA module each includes three input items and three output items, and according to
an addition instruction, the three output items of an MAJ cascading module can be used as three inputs of a corresponding
UMA cascading module, to cascade the MAJ cascading module with the corresponding UMA cascading module to
generate a target quantum circuit corresponding to an adder, wherein the MAJ cascading module is determined by
cascading between MAJ modules in the target module number, and the UMA cascading module is determined by
cascading between UMAmodules in the target module number.

[0326] Specifically, the three input items of the MAJ module include a carry input item and two sub-quantum state
input items to be operated, the three output items of the MAJ module include a carry output item and two intermediate
result output items, the three input items of the UMA module include a carry output item and two intermediate result
output items of the corresponding MAJ module, and the three output items of the UMA module include a result carry
output item, an accumulation output item and a sub-quantum state input item to be operated;

Then, according to the addition instruction, using the carry output item output by the previous MAJ module and the
two quantum substrate input items to be operated as the three input items of the next MAJ module, so as to cascade
the MAJ modules in the target module number;

Using two intermediate result output items of an MAJ module as two input items of a corresponding UMA module,
obtaining a previous UMA module preceeding the corresponding UMA module, and using the result carry output
item of the previous UMA module as an input item of the corresponding UMA module, so as to cascade MAJ modules
in the target module number and the UMA modules in the target module number to generate the initial quantum
circuit, wherein the carry output item of the last MAJ module is used as an input item to the corresponding first UMA
module;

Adding a CNOT quantum logic gate between the last MAJ module and the corresponding first UMA module in the
initial quantum circuit, wherein the qubit corresponding to the carry output item of the MAJ module is used as the
controlling bit, and the preset auxiliary qubit is used as the controlled bit, so as to generate the target quantum circuit
ofthe adder. If the carry item is not needed, the CNOT gate and the carry auxiliary qubit does not have to be provided.

[0327] In this embodiment, as shown in FIG. 43, according to the figure, use the three output bits of the MAJ module
as the three input bits of the UMA module, thereby cascading the same number of MAJ modules and UMA modules to
generate a target quantum circuit corresponding to an adder. Here, the hollow circles and solid circles connected in the
circuit diagram represent CNOT gate operations, the hollow circles correspond to qubits as controlling bits, and the solid
circles correspond to those as controlled bits.

[0328] Here, the MAJ module is an MAJ quantum circuit, the UMA module is a UMA quantum circuit, and each of the
MAJ quantum circuit and the UMA quantum circuit includes two CNOT quantum logic gates and one TOFFOLI quantum
logic gate, and the embodiment further includes, before said step "cascading the MAJ modules in the target module
number with the UMA modules in the target module number, so as to generate a target quantum circuit corresponding
to the adder": obtaining operation qubits corresponding to the two CNOT quantum logic gates and one TOFFOLI quantum
logic gate, the control relationship between the operation qubits and the timing relationship between the two CNOT
quantum logic gates and one TOFFOLI quantum logic gate; according to the operation qubits, the control relationship
and the timing relationship, use the two CNOT quantum logic gates and one TOFFOLI quantum logic gate to construct
and generate the MAJ quantum circuit or the UMA quantum circuit as a corresponding MAJ module or a corresponding
UMA module.

[0329] In this embodiment, the MAJ module and the UMA module constitute the front and rear cascading units of the
adder. As shown in FIG.44, the MAJ module is used for extracting the carry item after each stage of addition and pass
it to the next stage, so as to calculate the final carry item. Here, as shown in FIG. 45, the MAJ module may be mainly
composed of three logic gates, namely two CNOT gates and one Toffoli gate. The role of the CNOT gate (the first and
second logic gates from left to right in FIG.45) is to add the controlling bit to the target bit to form a modulo 2 addition,
which is an exclusive OR operation, and get (ei +ci) %2, (e;+f;) %2, the order of the two CNOT gates can be swapped.
The function of the Toffoli gate (the third logic gate from left to right in FIG.45) is to add both controlling bits to the target
bit to get the carry item c;;,4; = (e AND f;;) XOR (ep; AND f; ) XOR (e AND fp; ). That is, to implement ¢; @ ¢; through
the first CNOT gate from left to right in FIG.45, to implement e; @ f; through the second CNOT gate from left to right in
F1G.45, and to implement ci+i through the third TOFFOLI gate from left to right in FIG.45, thereby forming the front-stage
cascading unit of the quantum adder with two CNOT gates and one TOFFOLI gate.
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[0330] Example 1:e;is 1, f;is 1, and ¢; is 1.

[0331] The MAJ module starts by adding e; to c;, the value of ¢; becomes 0, then adds g, to f;, the value of f; also
becomes 0, and finally adds f; and ¢; to e;, the value of e; becomes 1, that is, the carry of ¢;, is 1.

[0332] Example 2: e;is O, f;is 1, and ¢; is 1.

[0333] The MAJ module starts by adding e; to c;, the value of c; becomes 1, then adds e, to f;, the value of f; also
becomes 1, and finally adds f; and c; to e;, the value of e; becomes 1, that is, the carry of ¢;, ¢ is 1.

[0334] As shown in FIG.46, the UMA module is used as the rear-stage of the cascaded adder. The implementation
of a UMA module is similar to that of an MAJ module. As shown in FIG.47, the Toffoli gate (the first logic gate from left
to right in FIG.47) is first used for restoring ci+i to e;, and then use e; to restore (e+c) %2 with the CNOT gate (the second
logic gate from left to right in F1G.47), and (e;*c;y %2 is restored to ¢;, and finally, use c; execute a CNOT gate (the third
logic gate from left to right in FIG.47) on (e; +f; ) %2 , getting the final result of the current bit s = XORf i XORc lil-
[0335] Example 1: (e;+c;) %2 is 0, (e;+f;) %2is 0, ¢;,q4 is 1.

[0336] Start by adding (e; +c;) %2 and (e; +f;) %2 to c;,¢, the value of ¢;,; becomes 1, and the meaning thereof becomes
e;, then add e; to (e;+c;) %2, the value of (e;+c;) %2 becomes 1, and the meaning thereof becomes ¢;, then add c; to (g;
+f;) %2, the value of (e; +f;) %2 becomes 1, and the meaning thereof becomes s;.

[0337] Example 2: (ej+c;) %2is 1, (e; +f)) %2is 1, ¢ is 1.

[0338] Startbyadding (e;+c;) %2 and (e; +f;) %2 to c;,4, the value of ¢,,; becomes 0, and the meaning thereof becomes
e;, then add e; to (g; *+¢;) %2, the value of (g; +c;) %2 becomes 1, and the meaning thereof becomes c;, then add c; to (g;
+f;) %2, the value of (e;+f;) %2 becomes 0, and the meaning thereof becomes s;.

[0339] As shown in FIG.43, the last CNOT gate from top to bottom, that is, the CNOT gate between the MAJ module
and the UMA module in the entire adder, is used for storing the result of ¢;,4.

[0340] S4403. Execute an addition operation on each sub-quantum state of the two quantum states to be operated
through the target quantum circuit, generate a target quantum state result, and output it.

[0341] In this embodiment, by inputting the two quantum states to be operated, such as |111> and |111>, into the
adder (that is, the target quantum circuit), the corresponding binary representation of the operation result of the target
quantum state (including carry term and the result term obtained by direct addition of each sub-quantum state ). Then
the binary expression of the result |1110> of the target quantum state is directly output, or is further transformed into a
decimal result 14 and output to complete the addition operation of the two target data.

[0342] It can be seen that the method for quantum division operation provided in the present disclosure is used for
implementing the basic arithmetic operation in the quantum circuit, obtaining the dividend data and the divisor data to
be operated, transforming the dividend data into a first target quantum state, and transforming the divisor data into a
second target quantum state, for the first target quantum state and the second target quantum state, iteratively executing
quantum state evolution corresponding to a subtraction operation, counting the number of executions of the subtraction
operation until the dividend data is reduced to a negative number, and using a finally obtained counting result as a
quotient of dividing the dividend data by the divisor data, transforming it into a decimal representation and output it,
thereby realizing a basic arithmetic operation that can be used in quantum circuits, filling the gap in the related art.
[0343] Referring to Fig. 48, Fig. 48 is a schematic structural illustration of a device for quantum division operation
provided in an embodiment of the present disclosure, which may include:

A transformation module 41501, configured for: obtaining dividend data and divisor data to be operated, transforming
the dividend data into a first target quantum state, and transforming the divisor data into a second target quantum
state; wherein, each of the first target quantum state and the second target quantum state includes: a sign-bit sub-
quantum state representing the data sign, and a value bit sub-quantum state representing the data value;

An operation module 41502, configured for: for the first target quantum state and the second target quantum state,
iteratively executing the quantum state evolution corresponding to the subtraction operation, and counting the number
of executions of the subtraction operation until the dividend data is reduced to a negative number, wherein, the
minuend of each subtraction operation is the subtraction result of the last subtraction operation, and the subtrahend
is the divisor data;

An output module 41503, configured for: outputting the finally obtained counting result as a quotient of dividing the
dividend data by the divisor data.

[0344] Specifically, the operation module is specifically configured for:

For a current first target quantum state and the second target quantum state, executing quantum state evolution
corresponding to the subtraction operation, to obtain the first target quantum state including a subtraction operation
result;

For a third target quantum state of a current first preset auxiliary qubit and a fourth target quantum state of a current
second preset auxiliary qubit, executing quantum state evolution corresponding to the subtraction operation, to
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increment a value contained in the current third target quantum state by 1; wherein an initial value contained in the
third target quantum state and a value contained in the fourth target quantum state are both -1;

Measuring a sign-bit sub-quantum state of the first target quantum state currently including the subtraction operation
result, and determining whether a value of the sign bit of the first target quantum state that currently contains the
subtraction operation result is 0;

In the case that the value of the sign bit of the first target quantum state that currently contains the subtraction
operation result is 0, returning and executing the step "for a current first target quantum state and the second target
quantum state, executing quantum state evolution corresponding to the subtraction operation”, until it is determined
that the value of the sign bit of the first target quantum state currently including the subtraction operation resultis 1.

[0345] Specifically, the output module is specifically configured for:

outputting a finally obtained third target quantum state, wherein the third target quantum state contains an integer-bit
binary value of a quotient of dividing the dividend data by the divisor data.

[0346] Specifically, the device further includes:

A first execution module, configured for: inverting the sign-bit sub-quantum state of the second target quantum state,
executing quantum state evolution corresponding to subtraction operation on the current first target quantum state and
the second target quantum state with its sign bit inverted, to obtain the remainder of dividing the dividend data by the
divisor data.

[0347] Specifically, the device further includes:

A second execution module, configured for: obtaining a preset sign-bit-qubit, for a qubit corresponding to a sign-bit sub-
quantum state of the first target quantum state, a qubit corresponding to a sign-bit sub-quantum state of the second
target quantum state, the first preset auxiliary qubit, and the preset sign bit qubit: executing a preset quantum logic gate
operation to finally obtain the sign value represented by the sign-bit sub-quantum state in the three-target quantum state.
[0348] Specifically, the operation module includes:

A first complement operation unit, configured for: for two quantum states to be operated, i.e, a minuend quantum
state including the minuend data and a subtrahend quantum state including the subtrahend data, obtaining a quantum
state of a third preset auxiliary qubit, and according to a sign-bit sub-quantum state of the minuend quantum state
and the quantum state of the third preset auxiliary qubit, controlling the minuend quantum state to execute quantum
state evolution corresponding to the complement operation so as to obtain a first complement quantum state; wherein
the first complement quantum state is a quantum state including the complement of the minuend data;

A second complement operation unit, configured for: for the sign-bit sub-quantum state in the subtrahend quantum
state, executing quantum state evolution corresponding to sign-bit-inversion, and according to a quantum state of
the third preset auxiliary qubit and an inverted sign-bit sub-quantum state , controlling a current subtrahend quantum
state to execute a quantum state evolution corresponding to the complement operation so as to obtain a second
complement quantum state; wherein the second complement quantum state is a quantum state including the com-
plement of the subtrahend data;

An addition operation unit, configured for: for the first complement quantum state and the second complement
quantum state, executing quantum state evolution corresponding to the addition operation, so as to evolve the first
complement quantum state into a fifth target quantum state including a sum of a complement of the minuend data
and a complement of the subtrahend data;

A third complement operation unit, configured for: according to the sign-bit sub-quantum state in the fifth target
quantum state as well as the quantum state of the third preset auxiliary qubit, controlling the fifth target quantum
state to execute the quantum state evolution corresponding to the complement operation, so as to obtain an evoluted
sixth target quantum state which is output as the subtraction operation result of subtracting the subtrahend data
from the minuend data, wherein the sixth target quantum state is a quantum state including a complement of the
sum of the complement;

A fourth complement operation unit, configured for: according to the sign-bit sub-quantum state in the current
subtrahend quantum state and the quantum state of the current third preset auxiliary qubit, controlling the current
subtrahend quantum state to execute the quantum state evolution corresponding to the complement operation, and
executing quantum state evolution corresponding to sign-bit-invertion for the sign-bit sub-quantum state in the current
subtrahend quantum state, so as to restore the current subtrahend quantum state.

[0349] Specifically, the first complement operation unit is configured for:
Executing a CNOT gate operation on the first sign-bit-qubit corresponding to the sign-bit sub-quantum state in the

minuend quantum state and the third preset auxiliary qubit, wherein the first sign-bit-qubit is a controlling bit and the
third preset auxiliary qubit is a controlled bit;
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According to the quantum state of the third preset auxiliary qubit after execution of the CNOT gate operation,
controlling whether the current minuend quantum state executes the quantum state evolution corresponding to the
complement operation:

If yes, inverting the non-sign-bit sub-quantum state of the current minuend quantum state, and for the inverted
minuend quantum state and the fourth preset auxiliary qubit quantum state 11), executing quantum state evo-
lution corresponding to the addition operation to obtain the evolved first complement quantum state; otherwise,
using the minuend quantum state as the first complement quantum state;

Executing CNOT gate operation on the current first sign-bit-qubit and the third preset auxiliary qubit to restore
the current quantum state of the third preset auxiliary qubit; wherein the first sign-bit-qubit is a controlling bit,
and the third preset auxiliary qubit is a controlled bit.

[0350] Specifically, the second complement operation unit is specifically configured for:

For the second sign-bit-qubit corresponding to the sign-bit sub-quantum state in the subtrahend quantum state,
executing an X-gate operation to obtain the inverted sign-bit sub-quantum state ;

Executing a CNOT gate operation on the current second sign-bit-qubit and the third preset auxiliary qubit, wherein
the second sign-bit-qubit is a controlling bit, and the third preset auxiliary qubit is a controlled bit;

According to the current quantum state of the third preset auxiliary qubit after execution of the CNOT gate operation,
controlling whether the current subtrahend quantum state executes the quantum state evolution corresponding to
the complement operation;

If yes, inverting the non-sign-bit sub-quantum state of the current subtrahend quantum state, and for the inverted
subtrahend quantum state and the fourth preset auxiliary qubit quantum state 11), executing quantum state evolution
corresponding to the addition operation to obtain the evolved second complement quantum state; otherwise, using
the current subtrahend quantum state as the second complement quantum state;

Executing a CNOT gate operation on the current second sign-bit-qubit and the third preset auxiliary qubit to restore
the current quantum state of the third preset auxiliary qubit; wherein the second sign-bit-qubit is a controlling bit,
and the third preset auxiliary qubit is a controlled bit.

[0351] Specifically, the addition operation unit includes:

A determination subunit, configured for: according to the bit number of qubits corresponding to the two quantum
states to be operated, determining a target module number of the front-cascading modules (MAJ module) to be
cascaded and a target module number of the rear-cascading modules (UMA module) to be cascaded, wherein the
number of the MAJ modules equals to the number of the UMA modules;

A cascading subunit, configured for: according to an addition instruction, cascading the MAJ modules and the UMA
modules both in the target module number, to generate a target quantum circuit corresponding to the adder;

An operation subunit, configured for: executing, with the target quantum circuit, an addition operation of each sub-
quantum state of the two quantum states to be operated, so as to generate and output a target quantum state result.

[0352] Specifically, the MAJ module is an MAJ quantum circuit, the UMA module is a UMA quantum circuit, and each
of the MAJ quantum circuit and the UMA quantum circuit includes two CNOT quantum logic gates and one TOFFOLI
quantum logic gate; the addition operation unit further includes:

An obtaining subunit, configured for obtaining operation qubits corresponding to the two CNOT quantum logic gates
and one TOFFOLI quantum logic gate, a control relationship between the operation qubits, and a timing relationship
between the two CNOT quantum logic gates and the one TOFFOLI quantum logic gate;

A constructing subunit, configured for: according to the operation qubits, the control relationship and the timing
relationship, using the two CNOT quantum logic gates and the one TOFFOLI quantum logic gate to construct and
generate the MAJ quantum circuit or the UMA quantum circuit as a corresponding MAJ module or a corresponding
UMA module.

[0353] Specifically, the MAJ module and the UMA module each includes three input items and three output items, and
the cascade subunit is specifically configured for:

According to the addition instruction, using three output items of an MAJ cascading module as three input items of a
corresponding UMA cascading module, so as to cascade the MAJ cascading module with the corresponding UMA
cascading module to generate a target quantum circuit corresponding to the adder, wherein the MAJ cascading module
is determined by cascading between MAJ modules in the target module number, and the UMA cascading module is
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determined by cascading between UMA modules in the target module number.

[0354] Specifically, the three input items of the MAJ module include a carry input item and two sub-quantum state
input items to be operated, the three output items of the MAJ module include a carry output item and two intermediate
result output items, the three input items of the UMA module include a carry output item and two intermediate result
output items of the corresponding MAJ module, and the three output items of the UMA module include a result carry
output item, an accumulation output item and a sub-quantum state input item to be operated; the cascading subunit is
specifically configured for:

According to the addition instruction, using the carry output item output by the previous MAJ module and the two
quantum substrate input items to be operated as the three input items of the next MAJ module, so as to cascade
the MAJ modules in the target module number;

Using two intermediate result output items of an MAJ module as two input items of a corresponding UMA module,
obtaining a previous UMA module preceeding the corresponding UMA module, and using the result carry output
item of the previous UMA module as an input item of the corresponding UMA module, so as to cascade MAJ modules
in the target module number and the UMA modules in the target module number to generate the initial quantum
circuit, wherein the carry output item of the last MAJ module is used as an input item to the corresponding first UMA
module;

Adding a CNOT quantum logic gate between the last MAJ module and the corresponding first UMA module in the
initial quantum circuit, wherein the qubit corresponding to the carry output item of the MAJ module is used as the
controlling bit, and the preset auxiliary qubit is used as the controlled bit, so as to generate the target quantum circuit
of the adder.

[0355] It can be seen that by obtaining the dividend data and the divisor data to be operated, transforming the dividend
data into a first target quantum state, and transforming the divisor data into a second target quantum state, for the first
target quantum state and the second target quantum state, iteratively executing quantum state evolution corresponding
to a subtraction operation, counting the number of executions of the subtraction operation until the dividend data is
reduced to a negative number, and using a finally obtained counting result as a quotient of dividing the dividend data
by the divisor data, transforming it into a decimal representation and output it: a basic arithmetic operation that can be
used in quantum circuits is realized, filling the gap in the related art.

[0356] Yet another embodiment of the present disclosure provides an electronic device, including a memory having
acomputer program stored therein, and a processor, configured to execute the computer program to perform the following
method:

S1. Obtaining dividend data and divisor data to be operated, transforming the dividend data into a first target quantum
state, and transforming the divisor data into a second target quantum state; wherein, each of the first target quantum
state and the second target quantum state includes: a sign-bit sub-quantum state representing the data sign and a
value bit sub-quantum state representing the data value;

S2. For the first target quantum state and the second target quantum state, iteratively executing the quantum state
evolution corresponding to the subtraction operation, and counting the number of executions of the subtraction
operation until the dividend data is reduced to a negative number; Here, the minuend of each subtraction operation
is the subtraction result of the last subtraction operation, and the subtrahend is the divisor data;

S3. Output the finally obtained counting result as a quotient of dividing the dividend data by the divisor data.

[0357] Yet another embodiment of the present disclosure provides a storage medium, in which a computer program
is stored, wherein the computer program is configured to execute the following method when running:

S1. Obtaining dividend data and divisor data to be operated, transforming the dividend data into a first target quantum
state, and transforming the divisor data into a second target quantum state; wherein, each of the first target quantum
state and the second target quantum state includes: a sign-bit sub-quantum state representing the data sign, and
a value bit sub-quantum state representing the data value;

S2. For the first target quantum state and the second target quantum state, iteratively executing the quantum state
evolution corresponding to the subtraction operation, and counting the number of executions of the subtraction
operation until the dividend data is reduced to a negative number, wherein, the minuend of each subtraction operation
is the subtraction result of the last subtraction operation, and the subtrahend is the divisor data;

S3. Outputting the finally obtained counting result as a quotient of dividing the dividend data by the divisor data.

[0358] The above-described embodiments can be summarized as follows.
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C41. A method for quantum division operation, characterized by including: obtaining dividend data and divisor data
to be operated, transforming the dividend data into a first target quantum state, and transforming the divisor data
into a second target quantum state; wherein each of the first target quantum state and the second target quantum
state includes: a sign-bit sub-quantum state representing a data sign, and a value bit sub-quantum state representing
a data value;

For the first target quantum state and the second target quantum state, iteratively executing quantum state evolution
corresponding to a subtraction operation, counting the number of executions of the subtraction operation until the
dividend data is reduced to a negative number, wherein a subtraction result of the preceding subtraction operation
is used as a minuend of each execution of the subtraction operation, and the divisor data is used as a subtrahend
of each execution of the subtraction operation; and outputting a finally obtained counting result as a quotient of
dividing the dividend data by the divisor data;

C42. A method of C41, characterized in that, said "for the first target quantum state and the second target quantum
state, iteratively executing quantum state evolution corresponding to a subtraction operation, counting the number
of executions of the subtraction operation until the dividend data is reduced to a negative number" includes: for a
current first target quantum state and the second target quantum state, executing quantum state evolution corre-
sponding to the subtraction operation, to obtain the first target quantum state including a subtraction operation result;
for a third target quantum state of a current first preset auxiliary qubit and a fourth target quantum state of a current
second preset auxiliary qubit, executing quantum state evolution corresponding to the subtraction operation, to
increment a value contained in the current third target quantum state by 1; wherein an initial value contained in the
third target quantum state and a value contained in the fourth target quantum state are both -1; measuring a sign-
bit sub-quantum state of the first target quantum state currently including the subtraction operation result, and
determining whether a value of the sign bit of the first target quantum state that currently contains the subtraction
operation result is 0; in the case that the value of the sign bit of the first target quantum state that currently contains
the subtraction operation result is 0, returning and executing the step "for a current first target quantum state and
the second target quantum state, executing quantum state evolution corresponding to the subtraction operation”,
until it is determined that the value of the sign bit of the first target quantum state currently including the subtraction
operation result is 1.

C43. A method of C41 or C42, characterized in that said "outputting the finally obtained counting result as a quotient
of dividing the dividend data by the divisor data" includes: outputting a finally obtained third target quantum state,
wherein the third target quantum state contains an integer-bit binary value of a quotient of dividing the dividend data
by the divisor data.

C44. A method according to any one of C41-C43, characterized by further including:

Inverting the sign-bit sub-quantum state of the second target quantum state, executing quantum state evolution
corresponding to subtraction operation on the current first target quantum state and the second target quantum
state with its sign bit inverted, to obtain the remainder of dividing the dividend data by the divisor data.

C45. A method according to any one of C41-C44 , characterized by further including: obtaining a preset sign-bit-
qubit, for a qubit corresponding to a sign-bit sub-quantum state of the first target quantum state, a qubit corresponding
to a sign-bit sub-quantum state of the second target quantum state, the first preset auxiliary qubit, and the preset
sign bit qubit: executing a preset quantum logic gate operation to finally obtain the sign value represented by the
sign-bit sub-quantum state in the three-target quantum state.

C46. A method according to any one of C41-C45, characterized in that said executing the quantum state evolution
corresponding to the subtraction operation further includes: for two quantum states to be operated, i.e, a minuend
quantum state including the minuend data and a subtrahend quantum state including the subtrahend data, obtaining
a quantum state of a third preset auxiliary qubit, and according to a sign-bit sub-quantum state of the minuend
quantum state and the quantum state of the third preset auxiliary qubit, controlling the minuend quantum state to
execute quantum state evolution corresponding to the complement operation so as to obtain a first complement
quantum state; wherein the first complement quantum state is a quantum state including the complement of the
minuend data; for the sign-bit sub-quantum state in the subtrahend quantum state, executing quantum state evolution
corresponding to sign-bit-inversion, and according to a quantum state of the third preset auxiliary qubit and an
inverted sign-bit sub-quantum state , controlling a current subtrahend quantum state to execute a quantum state
evolution corresponding to the complement operation so as to obtain a second complement quantum state; wherein
the second complement quantum state is a quantum state including the complement of the subtrahend data; for the
first complement quantum state and the second complement quantum state, executing quantum state evolution
corresponding to the addition operation, so as to evolve the first complement quantum state into a fifth target quantum
state including a sum of a complement of the minuend data and a complement of the subtrahend data; according
to the sign-bit sub-quantum state in the fifth target quantum state as well as the quantum state of the third preset
auxiliary qubit, controlling the fifth target quantum state to execute the quantum state evolution corresponding to
the complement operation, so as to obtain an evoluted sixth target quantum state which is output as the subtraction
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operation result of subtracting the subtrahend data from the minuend data, wherein the sixth target quantum state
is a quantum state including a complement of the sum of the complement; and according to the sign-bit sub-quantum
state in the current subtrahend quantum state and the quantum state of the current third preset auxiliary qubit,
controlling the current subtrahend quantum state to execute the quantum state evolution corresponding to the
complement operation, and executing quantum state evolution corresponding to sign-bit-invertion for the sign-bit
sub-quantum state in the current subtrahend quantum state, so as to restore the current subtrahend quantum state.
C47. A method according to any one of C41-C46, characterized in that, said "according to a sign-bit sub-quantum
state of the minuend quantum state and the quantum state of the third preset auxiliary qubit, controlling the minuend
quantum state to execute quantum state evolution corresponding to the complement operation” includes: executing
a CNOT gate operation on the first sign-bit-qubit corresponding to the sign-bit sub-quantum state in the minuend
quantum state and the third preset auxiliary qubit, wherein the first sign-bit-qubit is a controlling bit and the third
preset auxiliary qubit is a controlled bit; according to the quantum state of the third preset auxiliary qubit after
execution of the CNOT gate operation, controlling whether the current minuend quantum state executes the quantum
state evolution corresponding to the complement operation: if yes, inverting the non-sign-bit sub-quantum state of
the current minuend quantum state, and for the inverted minuend quantum state and the fourth preset auxiliary qubit
quantum state 11), executing quantum state evolution corresponding to the addition operation to obtain the evolved
first complement quantum state; otherwise, using the minuend quantum state as the first complement quantum
state; and executing CNOT gate operation on the current first sign-bit-qubit and the third preset auxiliary qubit to
restore the current quantum state of the third preset auxiliary qubit; wherein the first sign-bit-qubit is a controlling
bit, and the third preset auxiliary qubit is a controlled bit.

C48. A method according to any one of C41-C47 , characterized in that, said "for the sign-bit sub-quantum state in
the subtrahend quantum state, executing quantum state evolution corresponding to sign-bit-inversion, and according
to a quantum state of the third preset auxiliary qubit and an inverted sign-bit sub-quantum state , controlling a current
subtrahend quantum state to execute a quantum state evolution corresponding to the complement operation” in-
cludes: for the second sign-bit-qubit corresponding to the sign-bit sub-quantum state in the subtrahend quantum
state, executing an X-gate operation to obtain the inverted sign-bit sub-quantum state ; executing a CNOT gate
operation on the current second sign-bit-qubit and the third preset auxiliary qubit, wherein the second sign-bit-qubit
is a controlling bit, and the third preset auxiliary qubit is a controlled bit; according to the current quantum state of
the third preset auxiliary qubit after execution of the CNOT gate operation, controlling whether the current subtrahend
quantum state executes the quantum state evolution corresponding to the complement operation; if yes, inverting
the non-sign-bit sub-quantum state of the current subtrahend quantum state, and for the inverted subtrahend quantum
state and the fourth preset auxiliary qubit quantum state 11), executing quantum state evolution corresponding to
the addition operation to obtain the evolved second complement quantum state; otherwise, using the current sub-
trahend quantum state as the second complement quantum state; executing a CNOT gate operation on the current
second sign-bit-qubit and the third preset auxiliary qubit to restore the current quantum state of the third preset
auxiliary qubit; wherein the second sign-bit-qubit is a controlling bit, and the third preset auxiliary qubit is a controlled
bit.

C49. A method according to any one of C41-C48, characterized in that said "executing quantum state evolution
corresponding to the addition operation" includes: according to the bit number of qubits corresponding to the two
quantum states to be operated, determining a target module number of the front-cascading modules (MAJ module)
to be cascaded and a target module number of the rear-cascading modules (UMA module) to be cascaded, wherein
the number of the MAJ modules equals to the number of the UMA modules; according to an addition instruction,
cascading the MAJ modules and the UMA modules both in the target module number, to generate a target quantum
circuit corresponding to the adder; executing, with the target quantum circuit, an addition operation of each sub-
quantum state of the two quantum states to be operated, so as to generate and output a target quantum state result.
C410. A method according to any one of C41-C49, characterized in that, the MAJ module is an MAJ quantum circuit,
the UMA module is a UMA quantum circuit, and each of the MAJ quantum circuit and the UMA quantum circuit
includes two CNOT quantum logic gates and one TOFFOLI quantum logic gate, the method further includes, before
the step "according to an addition instruction, cascading the MAJ modules and the UMA modules both in the target
module number, to generate a target quantum circuit corresponding to the adder": obtaining operation qubits cor-
responding to the two CNOT quantum logic gates and one TOFFOLI quantum logic gate, a control relationship
between the operation qubits, and a timing relationship between the two CNOT quantum logic gates and the one
TOFFOLI quantum logic gate; and according to the operation qubits, the control relationship and the timing rela-
tionship, using the two CNOT quantum logic gates and the one TOFFOLI quantum logic gate to construct and
generate the MAJ quantum circuit or the UMA quantum circuit as a corresponding MAJ module or a corresponding
UMA module.

C411. A method according to any one of C41-C410, characterized in that the MAJ module and the UMA module
each includes three input items and three output items, said step "according to an addition instruction, cascading
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the MAJ modules and the UMA modules both in the target module number, to generate a target quantum circuit
corresponding to the adder" specifically includes: according to the addition instruction, using three output items of
an MAJ cascading module as three input items of a corresponding UMA cascading module, so as to cascade the
MAJ cascading module with the corresponding UMA cascading module to generate a target quantum circuit corre-
sponding to the adder, wherein the MAJ cascading module is determined by cascading between MAJ modules in
the target module number, and the UMA cascading module is determined by cascading between UMA modules in
the target module number.

C412. A method according to any one of C41-C411, characterized in that, the three input items of the MAJ module
include a carry input item and two sub-quantum state input items to be operated, the three output items of the MAJ
module include a carry output item and two intermediate result output items, the three input items of the UMA module
include a carry output item and two intermediate result output items of the corresponding MAJ module, and the three
output items of the UMA module include a result carry output item, an accumulation output item and a sub-quantum
state input item to be operated, said step "according to an addition instruction, using three output items of an MAJ
cascading module as three input items of a corresponding UMA cascading module, so as to cascade the MAJ
cascading module with the corresponding UMA cascading module to generate a target quantum circuit corresponding
to the adder" specifically includes: according to the addition instruction, using the carry output item output by the
previous MAJ module and the two quantum substrate input items to be operated as the three input items of the next
MAJ module, so as to cascade the MAJ modules in the target module number; using two intermediate result output
items of an MAJ module as two input items of a corresponding UMA module, obtaining a previous UMA module
preceeding the corresponding UMA module, and using the result carry output item of the previous UMA module as
an input item of the corresponding UMA module, so as to cascade MAJ modules in the target module number and
the UMA modules in the target module number to generate the initial quantum circuit, wherein the carry output item
ofthe last MAJ module is used as an inputitem to the corresponding first UMA module; and adding a CNOT quantum
logic gate between the last MAJ module and the corresponding first UMA module in the initial quantum circuit,
wherein the qubit corresponding to the carry output item of the MAJ module is used as the controlling bit, and the
preset auxiliary qubit is used as the controlled bit, so as to generate the target quantum circuit of the adder.

C413. A device for quantum division operation, characterized by including: a transformation module, configured for
obtaining dividend data and divisor data to be operated, transforming the dividend data into a first target quantum
state, and transforming the divisor data into a second target quantum state; wherein each of the first target quantum
state and the second target quantum state includes: a sign-bit sub-quantum state representing a data sign, and a
value bit sub-quantum state representing a data value; an operation module, for the first target quantum state and
the second target quantum state, iteratively executing quantum state evolution corresponding to a subtraction op-
eration, and counting the number of executions of the subtraction operation until the dividend data is reduced to a
negative number, wherein a subtraction result of the preceding subtraction operation is used as a minuend of each
execution of the subtraction operation, and the divisor data is used as a subtrahend of each execution of the
subtraction operation; and an output module, configured for outputting a finally obtained counting result as a quotient
of dividing the dividend data by the divisor data.

C414. An electronic device, including a memory having a computer program stored therein, and a processor, con-
figured to execute the computer program to perform the method of any one of C41-C412.

C415. A storage medium, characterized in that a computer program is stored in the storage medium, wherein the
computer program is configured to execute the method described in any one of C41-C412 when running.

[0359] Compared with the prior art, the method for quantum division operation provided in the present disclosure
obtains the dividend data and the divisor data to be operated, transforms the dividend data into the first target quantum
state, and transforms the divisor data into the second quantum state. For the first target quantum state and the second
target quantum state, iteratively execute the quantum state evolution corresponding to the subtraction operation, and
count the number of executions of the subtraction operation until the dividend data is reduced to a negative number; the
final counting result is output as the quotient of dividing the dividend data by the divisor data, thereby realizing the basic
arithmetic operations that can be used in quantum circuits, and fill in the gaps in related art.

[0360] Referring to Fig. 49, Fig. 49 is a schematic flowchart of a method for quantum division operation with precision
provided in an embodiment of the present disclosure, which may include the following steps:

S5201. Obtaining dividend data and divisor data to be operated, transforming the dividend data into a first target quantum
state, and transforming the divisor data into a second target quantum state; wherein, each of the first target quantum
state and the second target quantum state includes: a sign-bit sub-quantum state representing a data sign, and a value
bit sub-quantum state representing a data value;

[0361] Specifically, the existing amplitude encoding method can be used for transforming the decimal data to be
operated into a binary quantum state representation. For example, the dividend data is 7, the signed binary expression
thereof is 0111, the highest bit is 0 for positive numbers, and 1 for negative numbers; the divisor data is 4, and the signed
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binary expression thereof is 011. It is to be noted that, in this embodiment, the highest bits of the first target quantum
state and the second target quantum state are both 0, that is, both the dividend and the divisor participating in the
operation are positive numbers.

[0362] It is possible to obtain 5 qubits "a.sign", "a3", "a2", "a1", and "a0". Encode 7 to the first target quantum state
|00111). of "a.sign, a3, a2, a1, a0", and set the amplitude of the quantum state to 1. Here, |00111) = |0)|0)|1)]1)|1)),
where |0}, |0, |1), [1), |1) are called sub-quantum state s of |00111), one sub-quantum state corresponding to one qubit,
and from right to left means from high to low: the highest bit corresponds to a. sign, the fourth bit corresponds to a3, the
third bit corresponds to a2, the second bit corresponds to a1, the lowest bit corresponds to a0, the highest bit 10)
represents the sign-bit sub-quantum state , and the rest represent the value bit sub-quantum state s. In order to unify
the operation dimension, 5 more qubits b.sign, b3, b2, b1, b0 are additionally obtained, and 4 is encoded into the second
target quantum state |00100) ofb.sign, b3, b2, b1, b0, the amplitude of which is also 1.

[0363] S5202. For the first target quantum state and the second target quantum state, iteratively executing quantum
state evolution corresponding to a subtraction operation, counting the number of executions of the subtraction operation
until the dividend data is reduced to a negative number, and outputting a finally obtained counting result as integer part
of a quotient of dividing the dividend data by the divisor data; wherein a subtraction result of the preceding subtraction
operation is used as a minuend of each execution of the subtraction operation, and the divisor datais used as a subtrahend
of each execution of the subtraction operation.

[0364] Specifically, the number of executions of the subtraction operation here refers to the number of quantum state
evolutions corresponding to the subtraction operation executed on the first target quantum state and the second target
quantum state, that is, the number of iterations.

[0365] In a specific implementation, the quantum state evolution corresponding to the subtraction operation may be
executed on the current first target quantum state and the second target quantum state, so as to obtain the first target
quantum state including the subtraction operation result;

For the third target quantum state of the current first preset auxiliary qubit and the fourth target quantum state of
the current second preset auxiliary qubit, execute the quantum state evolution corresponding to the subtraction
operation, so as to increment the value included in the current third target quantum state by 1; wherein, the initial
value included in the third target quantum state and the value included in the fourth target quantum state are both -1;
Measuring the sign-bit sub-quantum state of the firsttarget quantum state currently including the subtraction operation
result, and determining whether the value of the sign bit of the first target quantum state currently including the
subtraction operation result is 0;

In the case that the value of the sign bit of the first target quantum state currently including the subtraction operation
result is O, return to the step of executing the quantum state evolution corresponding to the subtraction operation
for the current first target quantum state and the current second target quantum state, until it is determined that the
value of the sign bit of the first target quantum state currently including the subtraction operation result is 1.

[0366] For Example: the current first target quantum state and the current second target quantum state are |00111)
and |00100). Perform the quantum state evolution corresponding to the subtraction operation on |00111) and |00100)
to subtract the value 00111 included in|00111) from the value 00100 included in |00100) , and obtain the first target
quantum state |[00011) including the subtraction operation result 00011, while the second target quantum state|00100)
remains unchanged;

Obtain 4 bits "r.sign, r2, r1, r0" of the first preset auxiliary qubit, the current third target quantum state of "r.sign, r2,
r1, r0" is the initial state, which can be set as [1001). That is, the initial value included therein is -1. Also, obtain 4
bits "d.sign, d2, d1, d0" of the second preset auxiliary qubit, and the current fourth target quantum state of "d.sign,
d2, d1, d0" is also |1001);

Here, the quantum state of a qubit is usually initialized as 10), and by applying a quantum logic gate operation such
as the X gate to the corresponding qubit to invert the 10) state, a 11) state may be obtained;

Then, the quantum state evolution corresponding to the subtraction operation is executed on the current third target
quantum state |[1001) and the current fourth target quantum state |[1001), so as to subtract the value 1001 included
in[1001) fromthe value 1001 includedin|1001) to obtain the third target quantum state |0000) including the subtraction
result 0, while the fourth target quantum state |1001)remains unchanged, thereby realizing incrementing by 1 for
the value -1 of the original third target quantum state |1001);

By applying a measurement operation to the qubit "a3" corresponding to the sign-bit sub-quantum state of the first
target quantum state, it is measured the sign-bit sub-quantum state of the current first target quantum state |00011)
that includes the subtraction operation result to be 10), that is, the value of the sign-bit is 0. Return to the step of
executing the quantum state evolution corresponding to the subtraction operation for the current first target quantum
state and the current second target quantum state:
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At this time, for the current first target quantum state is |00011) and the current second target quantum state
|00100), continue to execute the quantum state evolution corresponding to the subtraction operation, to obtain
the first target quantum state |[10001) and the second target quantum state [00100);

For the current third target quantum state |0000), and the current fourth target quantum state |1001), continue
to execute the quantum state evolution corresponding to the subtraction operation, and get: the third target
quantum state |0001), and the fourth target quantum state |[1001), thereby the value 0 of the original third target
quantum state |0000) continues to increment by 1;

It is measured that the sign-bit sub-quantum state of the current first target quantum state |[10001) is 11), that
is, the value ofthe sign bitis 1, indicating that the dividend 7 is reduced to a negative number after two subtractions,
and the iteration ends. It can be seen that the final number of iterations is 1, and the third target quantum state
plays the role of counting.

[0367] Specifically, the finally obtained third target quantum state may be output, wherein the value contained in the
third target quantum state is a quotient of dividing the dividend data by the divisor data.

[0368] Still referring to the above example, the third target quantum state finally obtained after the iteration is |0001),
including the value 0001, which are the integer part s of the quotient of dividing the dividend 7 by the divisor 4. The third
target quantum state |0001) may be output directly, alternatively, the value contained in the third target quantum state
may be transformed into the decimal value 1 and output.

[0369] S5203. Fora current first target quantum state and a current second target quantum state, iteratively executing
quantum state evolution corresponding to fractional part operation of the quotient, wherein a preset number of iterations
therefor is equal to the number of precision bits in the fractional part to be operated, and after each iteration, obtaining
a quantum state of a value including corresponding precision bits on a corresponding qubit with preset precision bits;
Specifically, said "for a current first target quantum state and a current second target quantum state, iteratively executing
quantum state evolution corresponding to fractional part operation of the quotient" may include:

S$52031, inverting the sign-bit sub-quantum state of the current second target quantum state, executing the quantum
state evolution corresponding to the subtraction operation for the current first target quantum state and the second
target quantum state with its sign bit inverted, so as to evolve the current first target quantum state to a quantum
state including a binary value of a remainder of dividing said dividend data by said divisor data;

S$52032, left-shifting sub-quantum state of each bit of the current first target quantum state by one bit, and re-inverting
the sign-bit sub-quantum state of the current second target quantum state; for the first target quantum state that
has been left-shifted by one bit and the second target quantum state that has been re-inverted, iteratively executing
quantum state evolution corresponding to the subtraction oiperation, counting the number of executions of the
subtraction operation until the first target quantum state that has been left-shifted by one bit is reduced to a negative
number, and obtaining a fractional part quantum state including a binary value of the counting result on a preset
intermediate bit qubit;

S$52033, swapping a sub-quantum state of the last bit of the fractional part quantum state with the initial quantum
state 10) of the corresponding preset precision bit qubit, and outputting a quantum state on the preset precision bit
qubit after swapping;

S52034, returning to execute the step of "inverting the sign-bit sub-quantum state of the current second target
quantum state, executing the quantum state evolution corresponding to the subtraction operation for the current
first target quantum state and the second target quantum state with its sign bit inverted", until a preset number of
iterations required for the quantum state evolution corresponding to the iterative execution of the fractional part
operation of the quotient is reached, wherein the preset number of iterations is equal to the number of precision bits
in the fractional part to be operated.

[0370] For Example: for the first target quantum state |[10001), the second target quantum state |00100), the third
target quantum state |0001), and the fourth target quantum state |[1001), the fractional part of the quotients retain a 3-
bit precision.

[0371] The First Iteration: Step 1: Invert the sign-bit sub-quantum state 10) of the second target quantum state, the
inverted second target quantum state is |10100). For the current first target quantum state |10001) and the inverted
second target quantum state |10100), executing quantum state evolution corresponding to the subtraction operation,
the evolved first target quantum state is |00011), and the evolved second target quantum state is |10100); in fact, the
binary value 00011 (decimal value 3) contained in |00011) is the remainder of dividing the dividend 7 by the divisor 4.
[0372] Step 2: Left-shift the first target quantum state |00011) integally by one bit to become |00110), and then invert
the sign bit of the second target quantum state |[00100) to restore it to [10100), and then iteratively execute the quantum
state evolution corresponding to the subtraction operation on |00110) and |00100), and count the number of iterations
here until |00110) is reduced to a negative number, and save the counting result to the fractional part quantum state of
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the preset intermediate qubits cc.sign, cc2, cc1, cc0, and finally get: the first target quantum state |[10010), the second
target quantum state |00100), and the fractional part quantum state |0001);

It is to be noted that the principle is the same as the abovementioned "for the first target quantum state and the second
target quantum state, iteratively executing quantum state evolution corresponding to a subtraction operation, counting
the number of executions of the subtraction operation until the dividend data is reduced to a negative number", which
is actually to execute division operation on |[00110) and |00100).

[0373] Step 3: Use the SWAP gate to swap a sub-quantum state |1) of the last bit of the fractional part quantum state
|0001)with the initial quantum state 10) of the corresponding preset precision bit qubit f2, and output the quantum state
|1) of f2 after swapping, the fractional part quantum state becomes |0000); wherein, the preset precision bit qubits can
be set to 3 bits as f2, f1, f0, in the first iteration, a sub-quantum state of the last bit of the fractional part quantum state
is output to f2, and the second iteration is output to f1, the third iteration is output to 0.

[0374] The second iteration: the current first target quantum state [10010), the current second target quantum state
|00100), and the current fractional part quantum state |0000), return to step 1 - step 3, swap the sub-quantum state of
the last bit of the fractional part quantum state with the initial quantum state 10) of f1, and output the quantum state of
f1 after swapping, and finally obtain: the current first target quantum state |10100), the current second target quantum
state |00100), the quantum state |1) of f2, and the fractional part quantum state |0000).

[0375] The third iteration: the current first target quantum state |[10100), the current second target quantum state
|00100), and the current fractional part quantum state |0000), return to execute step 1 - step 3, swap the sub-quantum
state of the last bit of the fractional part quantum state with the initial quantum state|0) of fO, and output the quantum
state of fO after swapping, and finally obtain: the current first target quantum state |10100), the current second target
quantum state |[00100), the quantum state 10) of fO, and the fractional part quantum state |0000).

[0376] ForExample: FIG. 50is aschematicillustration of a quantum circuit for executing quantum division with precision.
As shown in FIG.50, t is the classical bit for storing the measurement result, a.sign and a are qubits for encoding the
sign and value of the dividend data, corresponding to the first target quantum state;

b.sign, b is the qubit for encoding the sign and value of the divisor data, corresponding to the second target quantum
state;

r.sign, r, r[0] form the first preset auxiliary qubits; r.sign is the qubit for encoding the sign of the quotient; r, r[0] are
the qubits for encoding the value of the quotient, r[0 ] is the lowest bit;

d.sign, d, d[0] form the second preset auxiliary qubit, d.sign encodes the sign bit, and d encodes the value bit,
wherein, d[0] is the lowest bit; the second preset auxiliary qubit corresponds to the fourth target quantum state
whose initial state of is 0 state; use the X gate to invert the sign-bit sub-quantum state corresponding to d.sign and
the value bit sub-quantum state corresponding to d[0], to obtain the fourth target quantum state including a value
of -1, which is used for increment-by-one operations in the subtractor to play the role of counting;

kk is the auxiliary qubit required by the subtractor module in the upper half of the circuit, a total of n+3 bits, and k is
the auxiliary qubit required by the subtractor module in the lower half of the circuit, a total of n+2 bits, the n+ 2 bits
uses in total the first (n+2) auxiliary qubits in kk. The difference in the figure shows that kk actually contains k; flcnt-
1], f[i], f[0] represent preset precision bit qubits;

[0377] The subtractor module is a functional module that executes the quantum state evolution corresponding to the
subtraction operation. X represents the quantum logic gate X gate, and Qwhile represents the quantum iterative operation.
The execution timing of the quantum circuit is from the first layer to the fifth layer:

The first layer: the measurement operation in Qwhile is used for measuring the value of a.sign and store it in the
classical bit t. When t<1, execute the iterative operation in Qwhile, and execute sum++, and store the sum value in
the corresponding classical bit (the initial value of sum is 0), and the iteration ends when t reaches 1;

The second layer: the number of iterations of the second layer is cnt times, and cnt is the fractional part precision
of the required quotient. In each iteration of the second layer, this layer Qwhile also needs to execute corresponding
iterations. The t=0 module means that t is set to 0; cc.sign, cc, cc[0] represent the preset intermediate bit qubits,
where cc.sign represents the sign bit; the measurement operation in this layer Qwhile is used for measuring the
value of a. sign and store it on the classical bit t, when t<1 execute the iterative operation in Qwhile, and execute
s[i]++, store the value of s[i] on the corresponding classical bit (the initial value of s[i] is 0, i=0,1,2...indicates the i-
th iteration of the second layer), and the iteration in Qwhile ends when t reaches 1; a solid vertical line and two
dashed vertical line icons at the bottom right of the second layer represent a quantum logic gate SWAP gate;

The third layer: the number of iterations of the third layer is cnt times, when s[cnt-i-1]>0, execute the iterative operation
of the subtractor in this layer Qwhile, and execute s[cnt - i - 1] - -] until s[cnt-i-1] it is less than or equal to 0 and the
iteration in Qwhile ends; the operation of inverse left shift by one bit is the inverse operation of left shift by one bit;
The fourth layer: when sum>0, execute the iterative operation of the subtractor in this layer Qwhile, and execute
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sum - -, until the sum is less than or equal to 0 and end the iteration in Qwhile; the two X gates at the bottom left of
the fourth layer are used for inverting the quantum states of d.sign and d[0] again to implement restoration to the
initial state.

[0378] Further, after the third and fourth layers of operations, s[i] and sum can be restored to the initial value 0, and
a.sign, a, b.sign, b, d.sign, d[0] can be restored to the initial state, the integer part s of the quotient are obtained on'r,
and the fractional part of the preset precision of the quotient are obtained on f, and the quantum state of the auxiliary
qubits will be restored so that they can be reused.

[0379] S5204. Outputting the finally obtained quantum state on qubits with preset precision, where the quantum state
includes a binary value of fractional part of the quotient.

[0380] Continuing to take the above as an example, after three iterations, the quantum states of the 3-bit preset
precision bit qubits f2, f1, and f0 are finally obtained as 11)11)10) = [110), i.e., the binary value of the fractional part of
the quotientis 110 (0.75 in decimal). The integer binary value of the quotient obtained from the above computing is 0001
(1 in decimal), thereby obtaining the final quotient 1.75 of the dividend 7 divided by the divisor 4.

[0381] In practical applications, where either of the dividend and/or divisor is a negative number, the preset sign-bit-
qubit may further be obtained, to execute a preset quantum logic gate operation on the qubit corresponding to the sign-
bit sub-quantum state of the first target quantum state, the qubit corresponding to the sign-bit sub-quantum state of the
second target quantum state, the first preset auxiliary qubit and the preset sign-bit-qubit, so as to finally obtain the sign
value represented by the sign-bit sub-quantum state in the third target quantum state.

[0382] For Example: FIG. 51 is a schematic illustration of a quantum circuit for a quantum division operation with
precision, which supports sign bit operations. Here, the positive number divider with precision is the quantum circuit
shown in FIG.50, and the sign-bit-qubits Ujop» Uptj are added. The circle icons connected with a vertical line represent a
quantum logic gate CNOT gate, the qubit corresponding to the time line where the big circle is located is the controlled
bit, and the qubit corresponding to the time line where the solid point is located is the controlling bit; The classical bits
have a total of cnt+2 bits, including in FIG.50: 1 bit of sum, cnt bits of s[i], 1 bit of t. "v" is a auxiliary qubit including total
of 3n+3 bits, including in FIG.50: n+3 bits of kk, n bits of d.sign and d, and n bits of cc.sign and cc.

[0383] By applying a series of CNOT gates as shown in FIG.51 to ujg, U4}, a.sign, b.sign, r.sign, a sign-bit sub-quantum
state including the sign value of the quotient can finally be obtained on r. sign.

[0384] The specific implementation of the quantum state evolution corresponding to the subtraction operation is de-
scribed in detail below.

[0385] Specifically, the quantum state evolution corresponding to the subtraction operation can be executed through
the subtractor, which can include:

S5301. For the two quantum states to be operated, i.e., the minuend quantum state including the minuend data and
the subtrahend quantum state including the subtrahend data respectively, obtaining the quantum state of the third
preset auxiliary qubit; according to the sign-bit sub-quantum state in the minuend quantum state and the quantum
state of the third preset auxiliary qubit, control the minuend quantum state to execute quantum state evolution
corresponding to the complement operation so as to obtain the first complement quantum state, wherein the first
complement quantum state is a quantum state including the complement of the minuend data;

As can be seen from the foregoing embodiments, the two quantum states to be operated have the following groups:
one consisting of the first target quantum state and the second target quantum state; one consisting of the third
target quantum state and the fourth target quantum state; and one consisting of the first target quantum state and
the second target quantum state after the sign-bit-inversion. Here, the former can be called the minuend quantum
state, and the data contained therein is called the minuend in the subtraction operation, and the latter can be called
the subtrahend quantum state, and the data contained therein is called the subtrahend.

[0386] This embodimentis mainly used for implementing the function of the subtractor. The biggest difference between
the subtractor and the adder in the following text is that, the subtractor may produce a negative number. Therefore, a
binary handling way is used in which a sign bit is added to both the subtrahend and the minuend so as to represent the
positive and negative sign of the value, and use the complement to execute the operation. The complement of positive
numbers remains unchanged, while negative numbers are bitwise inverted and increment by 1 except for the sign bit.
In a corresponding instance of the quantum circuit, the sign bit is used for controlling whether to execute the complement
operation, the X gate is used for inversion, and the increment by 1 can be realized through the adder. In the case of
complement, after the operation is completed, and the target value is obtained after execution of a further complement
operation on the result. The minuend data and the subtrahend data to be operated are obtained, and the minuend data
and the subtrahend data are transformed respectively into a first target quantum state and a second target quantum
state. Here, the target quantum state includes: a sign-bit sub-quantum state representing the data sign and a value bit
sub-quantum state representing the data value.
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[0387] Specifically, according to the sign-bit sub-quantum state in the minuend quantum state and the quantum state
of the third preset auxiliary qubit, by conrolling the minuend quantum state to execute quantum state evolution corre-
sponding to the complement operation, a CNOT gate operation may be executed on the first sign-bit-qubit corresponding
to the sign-bit sub-quantum state in the minuend quantum state, and on the third preset auxiliary qubit, wherein the first
sign-bit-qubit is a controlling bit, and the third preset auxiliary qubit is a controlled bit. Moreover, it is reasonable and
feasible to substitute the CNOT gate with other existing quantum logic gates or combinations of logic gates that are
equivalent.

[0388] According to the quantum state of the third preset auxiliary qubit after execution of the CNOT gate operation,
control whether the current minuend quantum state executes the quantum state evolution corresponding to the comple-
ment operation;

If yes, invert the non-sign-bit sub-quantum state of the current minuend quantum state, and for the inverted minuend
quantum state and the quantum state 11) of the fourth preset auxiliary qubit, execute quantum state evolution corre-
sponding to the addition operation, to obtain the evolved first complement quantum state, otherwise, the minuend
quantum state is used as the first complement quantum state. Here, the quantum state evolution corresponding to the
complement operation is controlled to be executed only when the quantum state of the third preset auxiliary qubit after
execution of the CNOT gate operation can be 11), otherwise it will not be executed.

[0389] Execute a CNOT gate operation on the current first sign-bit-qubit and the third preset auxiliary qubit to restore
the quantum state of the current third preset auxiliary qubit; wherein, the first sign-bit-qubit is a controlling bit, and the
third preset auxiliary qubit is a controlled bit.

[0390] For Example: the minuend quantum state is assumed to be |[0011). The sign-bit sub-quantum state of |[0011)
is the highest bit sub-quantum state , that is, the |0)state, the value of this bit is 0, the corresponding first sign-bit-qubit
is set to g.sign, and the third preset auxiliary qubit is the preset qubit g4, which is initially |O)state.

[0391] Execute the CNOT gate operation on g.sign and q4, g.sign is used as the controlling bit, g1 is used as the
controlled bit, and the quantum state of the g.sign bit is a 10) state. After the CNOT gate operation, the quantum state
10) of the controlled bit g4 remains unchanged.

[0392] Since the quantum state of q4 after execution of the CNOT gate operation is a 10) state, the quantum state
evolution corresponding to the complement operation is not executed on the minuend quantum state. The principle is
that when the minuend is a positive number, there is no need to complement it in the subtraction operation, or in other
words, its complement is itself, i.e. the |0011) can be directly used as the first complement quantum state.

[0393] Finally, the CNOT gate can be executed again on the current g.sign and g4. The quantum state of the g.sign
bit is a |0)state. After the CNOT gate operation, the quantum state 10) of the controlled bit q, remains unchanged, and
q, is restored to the 10) state, thereby releasing information stored in the third auxiliary qubit. It can be seen that the
value 0011 contained in the first complement quantum state is the complement of the minuend 0011.

[0394] As shown in FIG.52, q4 is the third preset auxiliary qubit, which is used for controlling whether to execute
complement operation; the first target quantum state is g, and g.sign is the sign-bit sub-quantum state in the first target
quantum state, the remaining of g is the value bit sub-quantum state representing the data value, j is the fourth preset
auxiliary qubit, that is, an auxiliary qubit set to a value of 1, and p is an auxiliary qubit used by the adder ( the fifth preset
auxiliary qubit described below). Corresponding to FIG. 50, the above k is n+2 bits, i.e., it includes: n bits of j, 1 bit of p,
and 1 bit of q4.

[0395] The quantum circuit shown in Fig. 52 realizes the quantum circuit that executes the complement operation on
g, first executes the CNOT gate operation on g.sign and q4, so that q; temporarily represents g. sign, and uses g to
control whether to execute the computing Complement, after finding the complement, restore q4, thereby controlling the
minuend quantum state to execute the quantum state evolution corresponding to the complement operation to obtain
the first complement quantum state.

[0396] Specifically, according to the sign-bit sub-quantum state of g, the first preset auxiliary qubit q; is used for
controlling whether to execute the complement operation. If g is a negative number, the complement operation of the
negative number is executed. The complement of a negative number is to increment by 1 after the bitwise inversion
except the sign bit. If the operation of bitwise inversion except the sign bit is realized by logic gates, it is only necessary
to execute X gates on all the value bits. Since increment by 1 is needed after inversion, therefore, by adding j and g, the
value of j is set to 1. The "p" is the auxiliary qubit of the adder, upon adding g and j after inverting the value bits, what
is stored on g is the value after the complement, then restore g4 for the next use.

[0397] Example: when g is a negative number, g.sign is 1, and q is also 1, and operations such as inversion need to
be executed, and when g is positive, g.sign is 0, and g, is also 0, then there is no need to further execute a complement
operation.

[0398] S5302. Executing the quantum state evolution corresponding to sign-bit-inversion on the sign-bit sub-quantum
state in the subtrahend quantum state, and according to the sign-bit sub-quantum state after inversion and the quantum
state of the third preset auxiliary qubit, controlling the current subtraction quantum state to execute the quantum state
evolution corresponding to the complement operation to obtain the second complement quantum state; wherein, the
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second complement quantum state is a quantum state that includes the complement of the subtrahend data;

Specifically, the X gate operation can be executed on the second sign-bit-qubit corresponding to the sign-bit sub-
quantum state in the subtrahend quantum state, to obtain the inverted sign-bit sub-quantum state ; wherein, it is
also reasonable and feasible to substitute the X gate with other existing quantum logic gates or combinations of
quantum logic gates that are equivalent;

Similarly, continue to execute the CNOT gate operation on the current second sign-bit-qubit and the third preset
auxiliary qubit, wherein the second sign-bit-qubit is a controlling bit, and the third preset auxiliary qubit is a controlled
bit;

According to the current quantum state of the third preset auxiliary qubit after execution of the CNOT gate operation,
control whether the current subtrahend quantum state executes the quantum state evolution corresponding to the
complement operation;

if yes, invert the non-sign-bit sub-quantum state of the current subtrahend quantum state, and execute quantum
state evolution corresponding to the addition operation on the subtrahend quantum state after the inversion and the
quantum state 11) of the fourth preset auxiliary qubit, to obtain the evolved second complement quantum state,
otherwise, use the current subtrahend quantum state as the second complement quantum state;

Execute a CNOT gate operation on the current second sign-bit-qubit and the third preset auxiliary qubit to restore
the current quantum state of the third preset auxiliary qubit; wherein, the second sign-bit-qubit is a controlling bit,
and the third preset auxiliary qubit is a controlled bit.

[0399] For Example: the minuend quantum state is assumed to be |0100). The sign-bit sub-quantum state of |[0100)
is the highest bit sub-quantum state , that is, the |0)state, the value of this bit is 0, the corresponding second sign-bit-
qubit is set to "h.sign", and the current third auxiliary qubit is restored to the state 10).

[0400] First, X gate may be executed on "h.sign", and invert the corresponding sign-bit sub-quantum state |1) into 10),
and the subtrahend quantum state becomes |1100).

[0401] Continue to execute the CNOT gate operation on "h.sign"” and g4, where "h.sign" is used as the controlling bit,
g, is used as the controlled bit, the quantum state of the current h.sign bit is a 11) state, after the CNOT gate operation,
the quantum state 10) of the controlled bit q, is inverted as a 11) state.

[0402] The quantum state of q, after execution of the CNOT gate operation is 11), and the quantum state evolution
corresponding to the complement operation is executed on the current subtrahend quantum state |1100) . An imple-
mentation of the quantum state evolution corresponding to the complement operation is as follows:

[0403] Invertthe non-sign-bit sub-quantum state of the current subtrahend quantum state |[1100), and execute quantum
state evolution corresponding to the addition operation on the inverted subtrahend quantum state | 1011) and the quantum
state 11) of the fourth preset auxiliary qubit, to obtain the evolved second complement quantum state |1100).

[0404] Here, the non-sign-bit sub-quantum state |100) of |1100) can be inverted by execution of a X gate; in order to
keep the dimensions consistent, the fourth preset auxiliary qubit is a preset 4-bit qubit "j3, j2, j 1, j0". The quantum state
11) of the fourth preset auxiliary qubit is actually written as |0001), the two are equivalent.

[0405] Finally, the CNOT gate can be executed again on the current h.sign and q4. The quantum state of the "h.sign"
bitis a 11) state. After the CNOT gate operation, the quantum state 11) of the controlled bit q is inverted into 10), thereby
restoring g, to the initial 10) state again, releasing the storage space of q4. It can be seen that the value 1100 contained
in the second complement quantum state is the complement of the subtrahend 1100 after executing the X gate on "h.sign".
[0406] In this embodiment, similarly for the second target quantum state h: initially, the X gate is executed on j oy to
set the value to 1, and the X gate is executed on the sign-bit sub-quantum state "h.sign" in the second target quantum
state to turn subtraction into addition. As shown in FIG.53, FIG.53 is a schematic illustration of the quantum circuit for
the quantum state evolution corresponding to the complement operation executed on g and h, referring to a similar
pattern to the above to execute the quantum state evolution corresponding to the complement operation on the second
target quantum state "h", to obtain the second complement quantum state.

[0407] S5303. For the first complement quantum state and the second complement quantum state, executing quantum
state evolution corresponding to the addition operation, so as to evolve the first complement quantum state into a fifth
target quantum state including a sum of a complement of the minuend data and a complement of the subtrahend data;
For Example: for the first complement quantum state |0011) and the second complement quantum state |1100), the
quantum state evolution corresponding to the addition operation is executed, and the first complement quantum state
|0011)is evolved into the fifth target quantum state [1111).

[0408] In this embodiment, after the complement is obtained, the addition operation is executed on g and h. After the
addition, the previous operation is restored, and the value stored in g is the desired value. Substituting the first complement
quantum state and the second complement quantum state into the quantum circuit of the adder, to execute a quantum
state evolution corresponding to the addition operation, thereby evolving the first complement quantum state to a third
target quantum state including the sum of the complement of the minuend data and the complement of the subtrahend
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data.

[0409] S5304. According to the sign-bit sub-quantum state in the fifth target quantum state and the quantum state of
the third preset auxiliary qubit, control the fifth target quantum state to execute the quantum state evolution corresponding
to the complement operation, so as to obtain the evolved sixth target quantum state which is output as the subtraction
result of subtracting the subtrahend data from the minuend data; wherein, the sixth target quantum state is a quantum
state including a complement of the sum of the complement;

For Example: according to the sign-bit sub-quantum state |1) in the current fifth target quantum state [1111) and the
current quantum state 10) of the third preset auxiliary qubit, control the fifth target quantum state |[1111) to execute the
quantum state evolution corresponding to the complement operation, and obtain the evolved sixth target quantum state
|1001) including the value 1001 (decimal -1), which is the subtraction result of subtracting the subtrahend 0100 (decimal
4) contained in the subtrahend quantum state |0100) from the minuend 0011 (decimal 3) contained in the minuend
quantum state |0011).

[0410] It is to be noted that the quantum state evolution corresponding to the complement operation can be in the
same way as the above. After the evolution, the quantum state of the third preset auxiliary qubit is still restored to 10)
to facilitate subsequent computing.

[0411] S5305. According to the sign-bit sub-quantum state in the current subtrahend quantum state and the quantum
state of the current third preset auxiliary qubit, controlling the current subtrahend quantum state to execute the quantum
state evolution corresponding to the complement operation, and executing quantum state evolution corresponding to
sign-bit-invertion for the sign-bit sub-quantum state in the current subtrahend quantum state, so as to restore the current
subtrahend quantum state.

[0412] For Example: the current subtrahend quantum state is the second complement quantum state |1100), and the
current quantum state of the third preset auxiliary qubit is 10). Continue to follow a similar pattern to the above to control
|1100) to execute the quantum state evolution corresponding to the complement operation, and then obtain the evolved
quantum state of [1100), and then use the X-gate operation to invert the sub-quantum state of its sign bit, and restore
it to the initial subtrahend quantum state |0100).

[0413] Inthis embodiment, after the addition operation, the quantum state evolution corresponding to the complement
operation is further executed on the third target quantum state of the sum of the complement of the minuend data and
the complement of the subtrahend data. As shown in FIG.54, first, the purpose of executing an X gate on j jo; is to set
the value of j (o to 1, which is convenient for the +1 operation in the complement. The reason for executing the X gate
operation on the sign bit of h is to transform g-h to g+(-h). Then, we execute the complement operation on both g and
h. After the execution is completed, add the complements of g and h. After obtaining the result, we execute a further
complement operation on g and h to restore to the normal value, and finally restore the initial operation, that s, to restore
the auxiliary qubits, which is to execute X gate twice. Thus, the quantum circuit diagram of the entire subtractor as shown
in FIG.55 is formed, which is a simple functional example.

[0414] The specificimplementation of the quantum state evolution corresponding to the addition operation is described
in detail below.

[0415] Specifically, the quantum state evolution corresponding to the addition operation can be executed through the
adder, which may include:

S5401, according to the bit number of qubits corresponding to the two quantum states to be operated, determining a
target module number of the front-cascading modules (MAJ module) to be cascaded and a target module number of
the rear-cascading modules (UMA module) to be cascaded, wherein the number of the MAJ modules equals to the
number of the UMA modules;

[0416] It can be seen from the foregoing that the two quantum states to be operated may be: the first complement
quantum state and the second complement quantum state; the inverted minuend quantum state and the quantum state
11) of the fourth preset auxiliary qubit.

[0417] For Example: as shown in FIG.56, the first qubit in the circuit is the fifth preset auxiliary qubit, which is initially
a 10) state and will eventually return to a 10) state, "e" and "f are the quantum states corresponding to the data to be
added, each corresponding to a group of qubits. "c" represents the final carry item, corresponding to the preset carry
auxiliary qubit, and "s" is the output bit that does not include a carry bit. It is generally required that the bit number of
qubits corresponding to "e" equals to that corresponding to "f", and the bit number of "s" equal to those of "e" and "f".
[0418] For Example: as shown in Fig. 57, e [; and f ;; are respectively the i-th bit of the quantum state corresponding
to the two addends, and c |; is the previous-stage carry.

s ;=€ ] XOR f [ XOR ¢ i,

cri+1] = (eri] AND fji;) XOR (efij AND fjj) XOR (efij AND fii),
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[0419] Here, the first qubit is the fifth preset auxiliary qubit, corresponding to ¢, in the quantum circuit. The first MAJ
module includes three input quantum states and three corresponding output quantum states, the three input quantum
states being ¢, eg, and f,, where e is the Oth-bit quantum state of the first quantum state to be operated, f; is the Oth
quantum state of the second quantum state to be operated, cj is the quantum state of the fifth preset auxiliary qubit,
and the initial value is 0, that is to say there is no carry. The three output quantum states are respectively eq @ ¢,, g @
fo, and c4, where ci is the carry after the addition of ey and f,. Similarly, the three input quantum states of the next MAJ
module are ¢4, e4, and f;, and the three output quantum states are respectively e, @ ¢4, e, ® f; and c,, and so on to the
last MAJ module.

[0420] For the first UMA module, it includes three input quantum states and three corresponding output quantum
states, where the three output quantum states of the MAJ module correspond to the three input quantum states of the
UMA module, and the three output quantum states are respectively c,, s, €y, Where sy is the carry-free result of adding
eg and fy Similarly, s, is the carry-free result of adding ei and f,, and so on, the ¢, is the final carry item. It is to be noted
that, in practical applications, where there is no need to calculate the final carry, the qubit corresponding to ¢, does not
have to be provided in the quantum circuit.

[0421] Moreover, the number of the MAJ modules and the number of UMA modules can be determined according to
the number of sub-quantum state s contained in any quantum state to be operated, one sub-quantum state corresponding
to one qubit, wherein the number of the MAJ modules is equal to the number of UMA modules. What is shown in the
figure is only an example, 4 qubits are required for encoding each of "e" and "f", and the number of MAJ modules and
that of UMA modules are both 4. The MAJ module and the UMA module constitute the front and rear cascading units
of the adder. The MAJ module can be used for extracting the carry term of any step and pass it to the next stage to
calculate the final carry term. The UMA module not only extracts the information of "c" and transmits it to the previous-
stage UMA, but also calculates the "s" (result item) of each stage and recovers the information of "e".

[0422] For Example: When 4 (corresponding encoding is expressed in a 3-qubit quantum state as 100) + 2 (corre-
sponding encoding is expressed in a 3-qubit quantum state as 010) = 6 (corresponding encoding is expressed in a 3-
qubit quantum state as 110). At this time, the bit number of qubits encoding the operation result is the same as the bit
number of qubits encoding "e" or the bit number of qubits used for encoding "f, and the number of the MAJ modules
and the number of UMA modules are both 3.

[0423] For Example: When 4 (corresponding encoding is expressed in a 3-qubit quantum state as 100) + 7 (corre-
sponding encoding is expressed in a 3-qubit quantum state as 111) = 11 (corresponding encoding is expressed in a 3-
qubit quantum state as 011). However, it can be understood that the binary number corresponding to 11 is 1011, and
the bit where the leftmost 1 is located is a carry item, which can be represented by an auxiliary qubit. At this time, the
bit number of qubits encoding the operation result is greater than the bit number of qubits encoding "e" or the bit number
of qubits used for encoding "f’, and the number of the MAJ modules and the number of UMA modules are both 3.
[0424] For Example: when 2 (corresponding encoding is expressed in a 2-qubit quantum state as 10) + 4 (corresponding
encoding is expressed in a 3-qubit quantum state as 100) = 6 (corresponding encoding is expressed in a 3-qubit quantum
state as 110). At this time, the numerical item "3" encoding the numerical value of "6" equals to the number of quantum
states of the qubit encoding "b", and the number of the MAJ modules and the number of UMA modules are both 3.
[0425] S5402. According to the addition instruction, cascading the MAJ modules and UMA modules in the target
module number, to generate a target quantum circuit corresponding to the adder;

[0426] Here, the MAJ module and the UMA module each includes three input items and three output items, and
according to an addition instruction, the three output items of an MAJ cascading module can be used as three inputs of
a corresponding UMA cascading module, to cascade the MAJ cascading module with the corresponding UMA cascading
module to generate a target quantum circuit corresponding to an adder, wherein the MAJ cascading module is determined
by cascading between MAJ modules in the target module number, and the UMA cascading module is determined by
cascading between UMAmodules in the target module number.

[0427] Specifically, the three input items of the MAJ module include a carry input item and two sub-quantum state
input items to be operated, the three output items of the MAJ module include a carry output item and two intermediate
result output items, the three input items of the UMA module include a carry output item and two intermediate result
output items of the corresponding MAJ module, and the three output items of the UMA module include a result carry
output item, an accumulation output item and a sub-quantum state input item to be operated;

Then, according to the addition instruction, using the carry output item output by the previous MAJ module and the
two quantum substrate input items to be operated as the three input items of the next MAJ module, so as to cascade
the MAJ modules in the target module number;

Using two intermediate result output items of an MAJ module as two input items of a corresponding UMA module,
obtaining a previous UMA module preceeding the corresponding UMA module, and using the result carry output
item of the previous UMA module as an input item of the corresponding UMA module, so as to cascade MAJ modules
in the target module number and the UMA modules in the target module number to generate the initial quantum
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circuit, wherein the carry output item of the last MAJ module is used as an input item to the corresponding first UMA
module;

Adding a CNOT quantum logic gate between the last MAJ module and the corresponding first UMA module in the
initial quantum circuit, wherein the qubit corresponding to the carry output item of the MAJ module is used as the
controlling bit, and the preset auxiliary qubit is used as the controlled bit, so as to generate the target quantum circuit
ofthe adder. If the carry item is not needed, the CNOT gate and the carry auxiliary qubit does not have to be provided.

[0428] In this embodiment, as shown in FIG. 57, according to the figure, use the three output bits of the MAJ module
as the three input bits of the UMA module, thereby cascading the same number of MAJ modules and UMA modules to
generate a target quantum circuit corresponding to an adder. Here, the hollow circles and solid circles connected in the
circuit diagram represent CNOT gate operations, the hollow circles correspond to qubits as controlling bits, and the solid
circles correspond to those as controlled bits.

[0429] Here, the MAJ module is an MAJ quantum circuit, the UMA module is a UMA quantum circuit, and each of the
MAJ quantum circuit and the UMA quantum circuit includes two CNOT quantum logic gates and one TOFFOLI quantum
logic gate, and the embodiment further includes, before said step "cascading the MAJ modules in the target module
number with the UMA modules in the target module number, so as to generate a target quantum circuit corresponding
to the adder": obtaining operation qubits corresponding to the two CNOT quantum logic gates and one TOFFOLI quantum
logic gate, the control relationship between the operation qubits and the timing relationship between the two CNOT
quantum logic gates and one TOFFOLI quantum logic gate; according to the operation qubits, the control relationship
and the timing relationship, use the two CNOT quantum logic gates and one TOFFOLI quantum logic gate to construct
and generate the MAJ quantum circuit or the UMA quantum circuit as a corresponding MAJ module or a corresponding
UMA module.

[0430] In this embodiment, the MAJ module and the UMA module constitute the front and rear cascading units of the
adder. As shown in FIG.58, the MAJ module is used for extracting the carry item after each stage of addition and pass
it to the next stage, so as to calculate the final carry item. Here, as shown in FIG. 59, the MAJ module may be mainly
composed of three logic gates, namely two CNOT gates and one Toffoli gate. The role of the CNOT gate (the first and
second logic gates from left to right in FIG.59) is to add the controlling bit to the target bit to form a modulo 2 addition,
which is an exclusive OR operation, and get (e; +c;) %2, (ei +fi) %2, the order of the two CNOT gates can be swapped.
The function of the Toffoli gate (the third logic gate from left to right in FIG.12) is to add both controlling bits to the target
bit to get the carry item Cy;,4) = (e[; AND fj;;) XOR (e;; AND fj;; ) XOR (e AND fpy). That is, to implement e; @ ¢; through
the first CNOT gate from left to right in FIG.59, to implement e; @ f; through the second CNOT gate from left to right in
FIG.59, and to implement ci+i through the third TOFFOLI gate from left to right in FIG.59, thereby forming the front-stage
cascading unit of the quantum adder with two CNOT gates and one TOFFOLI gate.

[0431] Example 1:e;is 1, f;is 1, and ¢;is 1.

[0432] The MAJ module starts by adding e; to ¢;, the value of ci becomes 0, then adds e; to f;, the value of f; also
becomes 0, and finally adds f; and c; to e;, the value of e; becomes 1, that is, the carry of ci+iis 1.

[0433] Example 2:eiis 0, f;is 1, and ¢;is 1.

[0434] The MAJ module starts by adding e; to ¢;, the value of ci becomes 1, then adds e; to f;, the value of f; also
becomes 1, and finally adds f; and ¢; to e;, the value of eibecomes 1, that is, the carry of ¢;,4 is 1.

[0435] As shown in FIG.60, the UMA module is used as the rear-stage of the cascaded adder. The implementation
of a UMA module is similar to that of an MAJ module. As shown in FIG.61, the Toffoli gate (the first logic gate from left
to right in FIG.61) is first used for restoring ci+i to ei, and then use ei to restore (e+c) %2 with the CNOT gate (the second
logic gate from left to right in FIG.61), and (e;+c;) %2 is restored to ci, and finally, use ci to execute a CNOT gate (the
third logic gate from left to right in FIG.61) on (e;+f)) %2 , getting the final result of the current bit s = e[; XORf; XOR ¢ -
[0436] Example 1: (e;+c)) %2 is 0, (ei+fi) %2 is 0, C;4q is 1.

[0437] Startby adding (e; +c;) %2 and (ei+fi) %2 to c;, ¢, the value of ci+i becomes 1, and the meaning thereof becomes
ei, then add e, to (e;+c;) %2, the value of (g; +c;) %2 becomes 1, and the meaning thereof becomes ci, then add c; to (g;
+f;) %2, the value of (e; +f;) %2 becomes 1, and the meaning thereof becomes si.

[0438] Example 2: (e;tc;) %2 is 1, (e;+fi) %2 is 1, Cjpq is 1.

[0439] Startby adding (e; +c;) %2 and (e; +f;) %2 to ¢;,4, the value of ci+i becomes 0, and the meaning thereof becomes
e;, then add e; to (ej+c;) %2, the value of (ej+c;) %2 becomes 1, and the meaning thereof becomes ¢;, then add ci to
(e;+f,) %2, the value of (e;+f;) %2 becomes 0, and the meaning thereof becomes si.

[0440] As shown in FIG.57, the last CNOT gate from top to bottom, that is, the CNOT gate between the MAJ module
and the UMA module in the entire adder, is used for storing the result of ¢; 4.

[0441] S5403. Execute an addition operation on each sub-quantum state of the two quantum states to be operated
through the target quantum circuit, generate a target quantum state result, and output it.

[0442] In this embodiment, by inputting the two quantum states to be operated, such as 1111> and |111>, into the
adder (that is, the target quantum circuit), the corresponding binary representation of the operation result of the target

64



10

15

20

25

30

35

40

45

50

55

EP 4 224 308 A1

quantum state (including carry term and the result term obtained by direct addition of each sub-quantum state ). Then
the binary expression of the result |1110> of the target quantum state is directly output, or is further transformed into a
decimal result 14 and output to complete the addition operation of the two target data.

[0443] It can be seen that, by obtaining dividend data and divisor data to be operated, transforming the dividend data
into a first target quantum state, and transforming the divisor data into a second target quantum state; for the first target
quantum state and the second target quantum state, iteratively executing quantum state evolution corresponding to a
subtraction operation, counting the number of executions of the subtraction operation until the dividend data is reduced
to a negative number, and outputting a finally obtained counting result as integer part of a quotient of dividing the dividend
data by the divisor data; for a current first target quantum state and a current second target quantum state, iteratively
executing quantum state evolution corresponding to fractional part operation of the quotient; and outputting a finally
obtained quantum state on a qubit with preset precision bits: the disclosure realizes a basic arithmetic operation that
can be used in quantum circuits, and fills the gap in the related art.

[0444] Referring to Fig. 62, Fig. 62 is a schematic structural illustration of A deviceof quantum division operation with
precision provided in an embodiment of the present disclosure, which may include:

A transformation module 51501, configured for: obtaining dividend data and divisor data to be operated, transforming
the dividend data into a first target quantum state, and transforming the divisor data into a second target quantum state;
wherein each of the first target quantum state and the second target quantum state includes: a sign-bit sub-quantum
state representing a data sign, and a value bit sub-quantum state representing a data value

[0445] A first quantum state evolution module 51502, configured for: for the first target quantum state and the second
target quantum state, iteratively executing quantum state evolution corresponding to a subtraction operation, counting
the number of executions of the subtraction operation until the dividend data is reduced to a negative number, and
outputting a finally obtained counting result as integer part of a quotient of dividing the dividend data by the divisor data;
wherein a subtraction result of the preceding subtraction operation is used as a minuend of each execution of the
subtraction operation, and the divisor data is used as a subtrahend of each execution of the subtraction operation;

A second quantum state evolution module 51503, configured for: for a current first target quantum state and a current
second target quantum state, iteratively executing quantum state evolution corresponding to fractional part operation of
the quotient, wherein a preset number of iterations therefor is equal to the number of precision bits in the fractional part
to be operated, and after each iteration, obtaining a quantum state of a value including corresponding precision bits on
a corresponding qubit with preset precision bits;

An output module 51504, configured for: outputting a finally obtained quantum state on a qubit with preset precision bits,
wherein the quantum state includes binary values for fractional part of the quotient.

[0446] Specifically, the first quantum state evolution module is configured for:

For a current first target quantum state and the second target quantum state, executing quantum state evolution
corresponding to the subtraction operation, to obtain the first target quantum state including a subtraction operation
result;

For a third target quantum state of a current first preset auxiliary qubit and a fourth target quantum state of a current
second preset auxiliary qubit, executing quantum state evolution corresponding to the subtraction operation, to
increment a value contained in the current third target quantum state by 1; wherein an initial value contained in the
third target quantum state and a value contained in the fourth target quantum state are both -1;

Measuring a sign-bit sub-quantum state of the first target quantum state currently including the subtraction operation
result, and determining whether a value of the sign bit of the first target quantum state that currently contains the
subtraction operation result is 0;

In the case that the value of the sign bit of the first target quantum state that currently contains the subtraction
operation result is 0, returning and executing the step "for a current first target quantum state and the second target
quantum state, executing quantum state evolution corresponding to the subtraction operation”, until it is determined
that the value of the sign bit of the first target quantum state currently including the subtraction operation resultis 1.

[0447] Specifically, the output module is configured for:

Outputting a finally obtained third target quantum state, wherein the third target quantum state contains an integer-bit
binary value of a quotient of dividing the dividend data by the divisor data.

[0448] Specifically, the second quantum state evolution module is configured for:

Inverting the sign-bit sub-quantum state of the current second target quantum state, executing the quantum state
evolution corresponding to the subtraction operation for the current first target quantum state and the second target
quantum state with its sign bit inverted, so as to evolve the current first target quantum state to a quantum state
including a binary value of a remainder of dividing said dividend data by said divisor data;

Left-shifting sub-quantum state of each bit of the current first target quantum state by one bit, and re-inverting the
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sign-bit sub-quantum state of the current second target quantum state; for the first target quantum state that has
been left-shifted by one bit and the second target quantum state that has been re-inverted, iteratively executing
quantum state evolution corresponding to the subtraction oiperation, counting the number of executions of the
subtraction operation until the first target quantum state that has been left-shifted by one bit is reduced to a negative
number, and obtaining a fractional part quantum state including a binary value of the counting result on a preset
intermediate bit qubit;

Swapping a sub-quantum state of the last bit of the fractional part quantum state with the initial quantum state 10)
of the corresponding preset precision bit qubit, and outputting a quantum state on the preset precision bit qubit after
swapping;

Returning to execute the step of "inverting the sign-bit sub-quantum state of the current second target quantum
state, executing the quantum state evolution corresponding to the subtraction operation for the current first target
quantum state and the second target quantum state with its sign bit inverted”, until a preset number of iterations
required for the quantum state evolution corresponding to the iterative execution of the fractional part operation of
the quotient is reached, wherein the preset number of iterations is equal to the number of precision bits in the
fractional part to be operated.

[0449] Specifically, the device further includes:

An execution module, configured for: obtaining a preset sign-bit-qubit, and executing a preset quantum logic gate op-
eration for a qubit corresponding to the sign-bit sub-quantum state of the first target quantum state, a qubit corresponding
to the sign-bit sub-quantum state of the second target quantum state, the first preset auxiliary qubit and the preset sign-
bit-qubit, so as to finally obtain a sign value represented by a sign-bit-qubit sub-quantum state in the third target quantum
state.

[0450] Specifically, the operation module includes:

A first complement operation unit, configured for: for two quantum states to be operated, i.e, a minuend quantum
state including the minuend data and a subtrahend quantum state including the subtrahend data, obtaining a quantum
state of a third preset auxiliary qubit, and according to a sign-bit sub-quantum state of the minuend quantum state
and the quantum state of the third preset auxiliary qubit, controlling the minuend quantum state to execute quantum
state evolution corresponding to the complement operation so as to obtain a first complement quantum state; wherein
the first complement quantum state is a quantum state including the complement of the minuend data;

A second complement operation unit, configured for: for the sign-bit sub-quantum state in the subtrahend quantum
state, executing quantum state evolution corresponding to sign-bit-inversion, and according to a quantum state of
the third preset auxiliary qubit and an inverted sign-bit sub-quantum state , controlling a current subtrahend quantum
state to execute a quantum state evolution corresponding to the complement operation so as to obtain a second
complement quantum state; wherein the second complement quantum state is a quantum state including the com-
plement of the subtrahend data;

An addition operation unit, configured for: for the first complement quantum state and the second complement
quantum state, executing quantum state evolution corresponding to the addition operation, so as to evolve the first
complement quantum state into a fifth target quantum state including a sum of a complement of the minuend data
and a complement of the subtrahend data;

A third complement operation unit, configured for: according to the sign-bit sub-quantum state in the fifth target
quantum state as well as the quantum state of the third preset auxiliary qubit, controlling the fifth target quantum
state to execute the quantum state evolution corresponding to the complement operation, so as to obtain an evoluted
sixth target quantum state which is output as the subtraction operation result of subtracting the subtrahend data
from the minuend data, wherein the sixth target quantum state is a quantum state including a complement of the
sum of the complement;

A fourth complement operation unit, configured for: according to the sign-bit sub-quantum state in the current
subtrahend quantum state and the quantum state of the current third preset auxiliary qubit, controlling the current
subtrahend quantum state to execute the quantum state evolution corresponding to the complement operation, and
executing quantum state evolution corresponding to sign-bit-invertion for the sign-bit sub-quantum state in the current
subtrahend quantum state, so as to restore the current subtrahend quantum state.

[0451] Specifically, the first complement operation unit is configured for:
Executing a CNOT gate operation on the first sign-bit-qubit corresponding to the sign-bit sub-quantum state in the
minuend quantum state and the third preset auxiliary qubit, wherein the first sign-bit-qubit is a controlling bit and the

third preset auxiliary qubit is a controlled bit;
According to the quantum state of the third preset auxiliary qubit after execution of the CNOT gate operation,

66



10

15

20

25

30

35

40

45

50

55

EP 4 224 308 A1

controlling whether the current minuend quantum state executes the quantum state evolution corresponding to the
complement operation:

If yes, inverting the non-sign-bit sub-quantum state of the current minuend quantum state, and for the inverted
minuend quantum state and the fourth preset auxiliary qubit quantum state 11), executing quantum state evolution
corresponding to the addition operation to obtain the evolved first complement quantum state; otherwise, using the
minuend quantum state as the first complement quantum state;

Executing CNOT gate operation on the current first sign-bit-qubit and the third preset auxiliary qubit to restore the
current quantum state of the third preset auxiliary qubit; wherein the first sign-bit-qubit is a controlling bit, and the
third preset auxiliary qubit is a controlled bit.

[0452] Specifically, the second complement operation unit is specifically configured for:

For the second sign-bit-qubit corresponding to the sign-bit sub-quantum state in the subtrahend quantum state,
executing an X-gate operation to obtain the inverted sign-bit sub-quantum state ;

Executing a CNOT gate operation on the current second sign-bit-qubit and the third preset auxiliary qubit, wherein
the second sign-bit-qubit is a controlling bit, and the third preset auxiliary qubit is a controlled bit;

According to the current quantum state of the third preset auxiliary qubit after execution of the CNOT gate operation,
controlling whether the current subtrahend quantum state executes the quantum state evolution corresponding to
the complement operation;

If yes, inverting the non-sign-bit sub-quantum state of the current subtrahend quantum state, and for the inverted
subtrahend quantum state and the fourth preset auxiliary qubit quantum state 11), executing quantum state evolution
corresponding to the addition operation to obtain the evolved second complement quantum state; otherwise, using
the current subtrahend quantum state as the second complement quantum state;

Executing a CNOT gate operation on the current second sign-bit-qubit and the third preset auxiliary qubit to restore
the current quantum state of the third preset auxiliary qubit; wherein the second sign-bit-qubit is a controlling bit,
and the third preset auxiliary qubit is a controlled bit.

[0453] Specifically, the addition operation unit includes:

A determination subunit, configured for: according to the bit number of qubits corresponding to the two quantum
states to be operated, determining a target module number of the front-cascading modules (MAJ module) to be
cascaded and a target module number of the rear-cascading modules (UMA module) to be cascaded, wherein the
number of the MAJ modules equals to the number of the UMA modules;

A cascading subunit, configured for: according to an addition instruction, cascading the MAJ modules and the UMA
modules both in the target module number, to generate a target quantum circuit corresponding to the adder;

An operation subunit, configured for: executing, with the target quantum circuit, an addition operation of each sub-
quantum state of the two quantum states to be operated, so as to generate and output a target quantum state result.

[0454] Specifically, the MAJ module is an MAJ quantum circuit, the UMA module is a UMA quantum circuit, and each
of the MAJ quantum circuit and the UMA quantum circuit includes two CNOT quantum logic gates and one TOFFOLI
quantum logic gate,

The addition operation unit further includes:

An obtaining subunit, configured for obtaining operation qubits corresponding to the two CNOT quantum logic gates
and one TOFFOLI quantum logic gate, a control relationship between the operation qubits, and a timing relationship
between the two CNOT quantum logic gates and the one TOFFOLI quantum logic gate;

A constructing subunit, configured for: according to the operation qubits, the control relationship and the timing
relationship, using the two CNOT quantum logic gates and the one TOFFOLI quantum logic gate to construct and
generate the MAJ quantum circuit or the UMA quantum circuit as a corresponding MAJ module or a corresponding
UMA module.

[0455] Specifically, the MAJ module and the UMA module each includes three input items and three output items, and
the cascade subunit is specifically configured for:

According to the addition instruction, using three output items of an MAJ cascading module as three input items of a
corresponding UMA cascading module, so as to cascade the MAJ cascading module with the corresponding UMA
cascading module to generate a target quantum circuit corresponding to the adder, wherein the MAJ cascading module
is determined by cascading between MAJ modules in the target module number, and the UMA cascading module is
determined by cascading between UMA modules in the target module number.
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[0456] Specifically, the three input items of the MAJ module include a carry input item and two sub-quantum state
input items to be operated, the three output items of the MAJ module include a carry output item and two intermediate
result output items, the three input items of the UMA module include a carry output item and two intermediate result
output items of the corresponding MAJ module, and the three output items of the UMA module include a result carry
output item, an accumulation output item and a sub-quantum state input item to be operated; the cascading subunit is
specifically configured for:

According to the addition instruction, using the carry output item output by the previous MAJ module and the two
quantum substrate input items to be operated as the three input items of the next MAJ module, so as to cascade
the MAJ modules in the target module number;

Using two intermediate result output items of an MAJ module as two input items of a corresponding UMA module,
obtaining a previous UMA module preceeding the corresponding UMA module, and using the result carry output
item of the previous UMA module as an input item of the corresponding UMA module, so as to cascade MAJ modules
in the target module number and the UMA modules in the target module number to generate the initial quantum
circuit, wherein the carry output item of the last MAJ module is used as an input item to the corresponding first UMA
module;

Adding a CNOT quantum logic gate between the last MAJ module and the corresponding first UMA module in the
initial quantum circuit, wherein the qubit corresponding to the carry output item of the MAJ module is used as the
controlling bit, and the preset auxiliary qubit is used as the controlled bit, so as to generate the target quantum circuit
of the adder.

[0457] It can be seen that, by obtaining dividend data and divisor data to be operated, transforming the dividend data
into a first target quantum state, and transforming the divisor data into a second target quantum state; for the first target
quantum state and the second target quantum state, iteratively executing quantum state evolution corresponding to a
subtraction operation, counting the number of executions of the subtraction operation until the dividend data is reduced
to a negative number, and outputting a finally obtained counting result as integer part of a quotient of dividing the dividend
data by the divisor data; for a current first target quantum state and a current second target quantum state, iteratively
executing quantum state evolution corresponding to fractional part operation of the quotient; and outputting a finally
obtained quantum state on a qubit with preset precision bits: the disclosure realizes a basic arithmetic operation that
can be used in quantum circuits, and fills the gap in the related art.

[0458] Yet another embodiment of the present disclosure provides an electronic device, including a memory having
acomputer program stored therein, and a processor, configured to execute the computer program to perform the following
method:

S1. Obtaining dividend data and divisor data to be operated, transforming the dividend data into a first target quantum
state, and transforming the divisor data into a second target quantum state; wherein, each of the first target quantum
state and the second target quantum state includes: a sign-bit sub-quantum state representing the data sign and a
value bit sub-quantum state representing the data value;

S2. For the first target quantum state and the second target quantum state, iteratively executing quantum state
evolution corresponding to a subtraction operation, counting the number of executions of the subtraction operation
until the dividend data is reduced to a negative number, and outputting a finally obtained counting result as integer
part of a quotient of dividing the dividend data by the divisor data; wherein a subtraction result of the preceding
subtraction operation is used as a minuend of each execution of the subtraction operation, and the divisor data is
used as a subtrahend of each execution of the subtraction operation;

S3. For a current first target quantum state and a current second target quantum state, iteratively executing quantum
state evolution corresponding to fractional part operation of the quotient, wherein a preset number of iterations
therefor is equal to the number of precision bits in the fractional part to be operated, and after each iteration, obtaining
a quantum state of a value including corresponding precision bits on a corresponding qubit with preset precision bits;
S4. Outputting the finally obtained quantum state on qubits with preset precision, where the quantum state includes
a binary value of fractional part of the quotient.

[0459] Yet another embodiment of the present disclosure provides a storage medium, in which a computer program
is stored, wherein the computer program is configured to execute the following method when running:

S1. Obtaining dividend data and divisor data to be operated, transforming the dividend data into a first target quantum
state, and transforming the divisor data into a second target quantum state; wherein, each of the first target quantum
state and the second target quantum state includes: a sign-bit sub-quantum state representing a data sign, and a
value bit sub-quantum state representing a data value;
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S2. For the first target quantum state and the second target quantum state, iteratively executing quantum state
evolution corresponding to a subtraction operation, counting the number of executions of the subtraction operation
until the dividend data is reduced to a negative number, and outputting a finally obtained counting result as integer
part of a quotient of dividing the dividend data by the divisor data; wherein a subtraction result of the preceding
subtraction operation is used as a minuend of each execution of the subtraction operation, and the divisor data is
used as a subtrahend of each execution of the subtraction operation;

S3. For a current first target quantum state and a current second target quantum state, iteratively executing quantum
state evolution corresponding to fractional part operation of the quotient, wherein a preset number of iterations
therefor is equal to the number of precision bits in the fractional part to be operated, and after each iteration, obtaining
a quantum state of a value including corresponding precision bits on a corresponding qubit with preset precision bits;
S4. Outputting the finally obtained quantum state on qubits with preset precision, where the quantum state includes
a binary value of fractional part of the quotient.

[0460] The structure, features and effects of the present disclosure have been described in detail above based on the
embodiments shown in the drawings. The above descriptions are only preferred embodiments of the present disclosure,
and the present disclosure does not limit the scope of implementation to what is shown in the drawings. Any changes
made according to the idea of the present disclosure or modifications to equivalent embodiments that are equivalent
changes still within the spirit covered by the description and illustrations, shall fall into the protection scope of the present
disclosure.

Claims
1. A method for quantum division operation with precision, characterized by comprising:

obtaining dividend data and divisor data to be operated, transforming the dividend data into a first target quantum
state, and transforming the divisor data into a second target quantum state; wherein each of the first target
quantum state and the second target quantum state comprises: a sign-bit sub-quantum state representing a
data sign, and a value bit sub-quantum state representing a data value;

for the first target quantum state and the second target quantum state, iteratively executing quantum state
evolution corresponding to a subtraction operation, counting the number of executions of the subtraction oper-
ation until the dividend data is reduced to a negative number, and outputting a finally obtained counting result
as integer part of a quotient of dividing the dividend data by the divisor data; wherein a subtraction result of the
preceding subtraction operation is used as a minuend of each execution of the subtraction operation, and the
divisor data is used as a subtrahend of each execution of the subtraction operation;

for a current first target quantum state and a current second target quantum state, iteratively executing quantum
state evolution corresponding to fractional part operation of the quotient, wherein a preset number of iterations
therefor is equal to the number of precision bits in the fractional part to be operated, and after each iteration,
obtaining a quantum state of a value including corresponding precision bits on a corresponding qubit with preset
precision bits; and

outputting a finally obtained quantum state on a qubit with preset precision bits, wherein the quantum state
comprises binary values for fractional part of the quotient.

2. The method of claim 1, characterized in that, said "for the first target quantum state and the second target quantum
state, iteratively executing quantum state evolution corresponding to a subtraction operation, counting the number
of executions of the subtraction operation until the dividend data is reduced to a negative number" comprises:

for a current first target quantum state and the second target quantum state, executing quantum state evolution
corresponding to the subtraction operation, to obtain the first target quantum state including a subtraction
operation result;

for a third target quantum state of a current first preset auxiliary qubit and a fourth target quantum state of a
current second preset auxiliary qubit, executing quantum state evolution corresponding to the subtraction op-
eration, to increment a value contained in the current third target quantum state by 1; wherein an initial value
contained in the third target quantum state and a value contained in the fourth target quantum state are both -1;
measuring a sign-bit sub-quantum state of the first target quantum state currently including the subtraction
operation result, and determining whether a value of the sign bit of the first target quantum state that currently
contains the subtraction operation result is O;

in the case that the value of the sign bit of the first target quantum state that currently contains the subtraction
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operation result is 0, returning and executing the step "for a current first target quantum state and the second
target quantum state, executing quantum state evolution corresponding to the subtraction operation”, until it is
determined that the value of the sign bit of the first target quantum state currently including the subtraction
operation result is 1.

The method of claim 2, characterized in that, said "outputting a finally obtained counting result as integer part of
a quotient of dividing the dividend data by the divisor data" comprises:

outputting a finally obtained third target quantum state, wherein the third target quantum state contains an integer-
bit binary value of a quotient of dividing the dividend data by the divisor data.

The method of claim 3, characterized in that, said "for a current first target quantum state and a current second
target quantum state, iteratively executing quantum state evolution corresponding to fractional part operation of the
quotient" comprises:

inverting the sign-bit sub-quantum state of the current second target quantum state, executing the quantum
state evolution corresponding to the subtraction operation for the current first target quantum state and the
second target quantum state with its sign bit inverted, so as to evolve the current first target quantum state to
a quantum state including a binary value of a remainder of dividing said dividend data by said divisor data;
left-shifting sub-quantum state of each bit of the current first target quantum state by one bit, and re-inverting
the sign-bit sub-quantum state of the current second target quantum state; for the first target quantum state
that has been left-shifted by one bit and the second target quantum state that has been re-inverted, iteratively
executing quantum state evolution corresponding to the subtraction oiperation, counting the number of execu-
tions of the subtraction operation until the first target quantum state that has been left-shifted by one bit is
reduced to a negative number, and obtaining a fractional part quantum state including a binary value of the
counting result on a preset intermediate bit qubit;

swapping a sub-quantum state of the last bit of the fractional part quantum state with the initial quantum state
10) of the corresponding preset precision bit qubit, and outputting a quantum state on the preset precision bit
qubit after swapping; and

returning to execute the step of "inverting the sign-bit sub-quantum state of the current second target quantum
state, executing the quantum state evolution corresponding to the subtraction operation for the current first
target quantum state and the second target quantum state with its sign bit inverted", until a preset number of
iterations required for the quantum state evolution corresponding to the iterative execution of the fractional part
operation of the quotient is reached, wherein the preset number of iterations is equal to the number of precision
bits in the fractional part to be operated.

The method of claim 4, characterized by further comprising:

obtaining a preset sign-bit-qubit, and executing a preset quantum logic gate operation for a qubit corresponding to
the sign-bit sub-quantum state of the first target quantum state, a qubit corresponding to the sign-bit sub-quantum
state of the second target quantum state, the first preset auxiliary qubit and the preset sign-bit-qubit, so as to finally
obtain a sign value represented by a sign-bit-qubit sub-quantum state in the third target quantum state.

The method of claim 5, characterized in that said executing the quantum state evolution corresponding to the
subtraction operation further comprises:

fortwo quantum states to be operated, i.e, aminuend quantum state including the minuend data and a subtrahend
quantum state including the subtrahend data, obtaining a quantum state of a third preset auxiliary qubit, and
according to a sign-bit sub-quantum state of the minuend quantum state and the quantum state of the third
preset auxiliary qubit, controlling the minuend quantum state to execute quantum state evolution corresponding
to the complement operation so as to obtain a first complement quantum state; wherein the first complement
quantum state is a quantum state comprising the complement of the minuend data;

for the sign-bit sub-quantum state in the subtrahend quantum state, executing quantum state evolution corre-
sponding to sign-bit-inversion, and according to a quantum state of the third preset auxiliary qubit and an inverted
sign-bit sub-quantum state , controlling a current subtrahend quantum state to execute a quantum state evolution
corresponding to the complement operation so as to obtain a second complement quantum state; wherein the
second complement quantum state is a quantum state comprising the complement of the subtrahend data;
for the first complement quantum state and the second complement quantum state, executing quantum state
evolution corresponding to the addition operation, so as to evolve the first complement quantum state into a
fifth target quantum state comprising a sum of a complement of the minuend data and a complement of the
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subtrahend data;

according to the sign-bit sub-quantum state in the fifth target quantum state as well as the quantum state of the
third preset auxiliary qubit, controlling the fifth target quantum state to execute the quantum state evolution
corresponding to the complement operation, so as to obtain an evoluted sixth target quantum state which is
output as the subtraction operation result of subtracting the subtrahend data from the minuend data, wherein
the sixth target quantum state is a quantum state including a complement of the sum of the complement; and
according to the sign-bit sub-quantum state in the current subtrahend quantum state and the quantum state of
the current third preset auxiliary qubit, controlling the current subtrahend quantum state to execute the quantum
state evolution corresponding to the complement operation, and executing quantum state evolution correspond-
ing to sign-bit-invertion for the sign-bit sub-quantum state in the current subtrahend quantum state, so as to
restore the current subtrahend quantum state.

7. The method of claim 6, characterized in that, said "according to a sign-bit sub-quantum state of the minuend
quantum state and the quantum state of the third preset auxiliary qubit, controlling the minuend quantum state to
execute quantum state evolution corresponding to the complement operation" comprises:

executing a CNOT gate operation on the first sign-bit-qubit corresponding to the sign-bit sub-quantum state in
the minuend quantum state and the third preset auxiliary qubit, wherein the first sign-bit-qubit is a controlling
bit and the third preset auxiliary qubit is a controlled bit;

according to the quantum state of the third preset auxiliary qubit after execution of the CNOT gate operation,
controlling whether the current minuend quantum state executes the quantum state evolution corresponding to
the complement operation:

if yes, inverting the non-sign-bit sub-quantum state of the current minuend quantum state, and for the
inverted minuend quantum state and the fourth preset auxiliary qubit quantum state 11), executing quantum
state evolution corresponding to the addition operation to obtain the evolved first complement quantum
state; otherwise, using the minuend quantum state as the first complement quantum state; and

executing CNOT gate operation on the current first sign-bit-qubit and the third preset auxiliary qubit to
restore the current quantum state of the third preset auxiliary qubit; wherein the first sign-bit-qubit is a
controlling bit, and the third preset auxiliary qubit is a controlled bit.

8. The method of claim 6 or 7, characterized in that, said "for the sign-bit sub-quantum state in the subtrahend
quantum state, executing quantum state evolution corresponding to sign-bit-inversion, and according to a quantum
state of the third preset auxiliary qubit and an inverted sign-bit sub-quantum state , controlling a current subtrahend
quantum state to execute a quantum state evolution corresponding to the complement operation" comprises:

executing an X-gate operation on the second sign-bit-qubit corresponding to the sign-bit sub-quantum state in
the subtrahend quantum state to obtain the inverted sign-bit sub-quantum state ;

executing a CNOT gate operation on the current second sign-bit-qubit and the third preset auxiliary qubit,
wherein the second sign-bit-qubit is a controlling bit, and the third preset auxiliary qubit is a controlled bit;
according to the current quantum state of the third preset auxiliary qubit after execution of the CNOT gate
operation, controlling whether the current subtrahend quantum state executes the quantum state evolution
corresponding to the complement operation:

if yes, inverting the non-sign-bit sub-quantum state of the current subtrahend quantum state, and for the
inverted subtrahend quantum state and the fourth preset auxiliary qubit quantum state 11), executing quan-
tum state evolution corresponding to the addition operation to obtain the evolved second complement
quantum state; otherwise, using the current subtrahend quantum state as the second complement quantum
state;

executing a CNOT gate operation on the current second sign-bit-qubit and the third preset auxiliary qubit
to restore the current quantum state of the third preset auxiliary qubit; wherein the second sign-bit-qubit is
a controlling bit, and the third preset auxiliary qubit is a controlled bit.

9. Themethod of any one of claims 6 to 8, characterized in that,said "executing quantum state evolution corresponding
to the addition operation" comprises:

according to the bit number of qubits corresponding to the two quantum states to be operated, determining a
target module number of the front-cascading modules (MAJ module) to be cascaded and a target module
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number of the rear-cascading modules (UMA module) to be cascaded, wherein the number of the MAJ modules
equals to the number of the UMA modules;

according to an addition instruction, cascading the MAJ modules and the UMA modules both in the target module
number, to generate a target quantum circuit corresponding to the adder;

executing, with the target quantum circuit, an addition operation of each sub-quantum state of the two quantum
states to be operated, so as to generate and output a target quantum state result.

The method of claim 9, characterized in that,the MAJ module is an MAJ quantum circuit, the UMA module is a
UMA quantum circuit, and each of the MAJ quantum circuit and the UMA quantum circuit comprises two CNOT
quantum logic gates and one TOFFOLI quantum logic gate,

the method further comprises, before the step "according to an addition instruction, cascading the MAJ modules
and the UMA modules both in the target module number, to generate a target quantum circuit corresponding to the
adder":

obtaining operation qubits corresponding to the two CNOT quantum logic gates and one TOFFOLI quantum
logic gate, a control relationship between the operation qubits, and a timing relationship between the two CNOT
quantum logic gates and the one TOFFOLI quantum logic gate; and

according to the operation qubits, the control relationship and the timing relationship, using the two CNOT
quantum logic gates and the one TOFFOLI quantum logic gate to construct and generate the MAJ quantum
circuit or the UMA quantum circuit as a corresponding MAJ module or a corresponding UMA module.

The method of claim 10, characterized in that, the MAJ module and the UMA module each includes three input
items and three output items,

said step "according to an addition instruction, cascading the MAJ modules and the UMA modules both in the target
module number, to generate a target quantum circuit corresponding to the adder" specifically comprises:
according to the addition instruction, using three output items of an MAJ cascading module as three input items of
a corresponding UMA cascading module, so as to cascade the MAJ cascading module with the corresponding UMA
cascading module to generate a target quantum circuit corresponding to the adder, wherein the MAJ cascading
module is determined by cascading between MAJ modules in the target module number, and the UMA cascading
module is determined by cascading between UMA modules in the target module number.

The method of claim 11, characterized in that, the three input items of the MAJ module include a carry input item
and two sub-quantum state input items to be operated, the three output items of the MAJ module include a carry
output item and two intermediate result output items, the three input items of the UMA module include a carry output
item and two intermediate result output items of the corresponding MAJ module, and the three output items of the
UMA module include a result carry output item, an accumulation output item and a sub-quantum state input item to
be operated,

said step "according to an addition instruction, using three output items of an MAJ cascading module as three input
items of a corresponding UMA cascading module, so as to cascade the MAJ cascading module with the corresponding
UMA cascading module to generate a target quantum circuit corresponding to the adder" specifically comprises:

according to the addition instruction, using the carry output item output by the previous MAJ module and the
two quantum substrate input items to be operated as the three input items of the next MAJ module, so as to
cascade the MAJ modules in the target module number;

using two intermediate result output items of an MAJ module as two inputitems of a corresponding UMA module,
obtaining a previous UMA module preceeding the corresponding UMA module, and using the result carry output
item of the previous UMA module as an input item of the corresponding UMA module, so as to cascade MAJ
modules in the target module number and the UMA modules in the target module number to generate the initial
quantum circuit, wherein the carry outputitem of the last MAJ module is used as an inputitemto the corresponding
first UMA module; and

adding a CNOT quantum logic gate between the last MAJ module and the corresponding first UMA module in
the initial quantum circuit, wherein the qubit corresponding to the carry output item of the MAJ module is used
as the controlling bit, and the preset auxiliary qubit is used as the controlled bit, so as to generate the target
quantum circuit of the adder.

A device for quantum division operation with precision, characterized by comprising:

a transformation module, configured for: obtaining dividend data and divisor data to be operated, transforming
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the dividend data into a first target quantum state, and transforming the divisor data into a second target quantum
state; wherein each of the first target quantum state and the second target quantum state comprises: a sign-
bit sub-quantum state representing a data sign, and a value bit sub-quantum state representing a data value;
a first quantum state evolution module, configured for: for the first target quantum state and the second target
quantum state, iteratively executing quantum state evolution corresponding to a subtraction operation, counting
the number of executions of the subtraction operation until the dividend data is reduced to a negative number,
and outputting a finally obtained counting result as integer part of a quotient of dividing the dividend data by the
divisor data; wherein a subtraction result of the preceding subtraction operation is used as a minuend of each
execution of the subtraction operation, and the divisor data is used as a subtrahend of each execution of the
subtraction operation;

a second quantum state evolution module, configured for: for a current first target quantum state and a current
second target quantum state, iteratively executing quantum state evolution corresponding to fractional part
operation of the quotient, wherein a preset number of iterations therefor is equal to the number of precision bits
in the fractional part to be operated, and after each iteration, obtaining a quantum state of a value including
corresponding precision bits on a corresponding qubit with preset precision bits; and

an output module, configured for outputting a finally obtained quantum state on a qubit with preset precision
bits, wherein the quantum state comprises binary values for fractional part of the quotient.

14. An electronic device, characterized by comprising:

a memory having a computer program stored therein, and
a processor, configured to execute the computer program to perform the method of any one of claims 1 to 12.

15. A storage medium characterized by having a computer program stored therein, the computer program being
configured to perform during execution thereof the method of any one of claims 1 to 12.
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Obtaining an addition instruction and two target data to be
operated, and transforming the two target data into two
target quantum states

i

According to the bit numbers of each qubit in the target
quantum state, determining the target module number of
the front-cascading module MAJ module to be cascaded
and the target module number of the rear-cascading
module UMA module to be cascaded, wherein the number
of the MAJ modules equals to the number of the UMA
modules

4

According to the addition instruction, cascading the MAJ
modules and UMA modules in the target module number
to generate a target quantum circuit corresponding to the

adder
i

Executing an addition operation on each qubit of the two
target quantum states through the target quantum circuit
to generate and output a target quantum state result
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Obtaining the minuend data and the subtrahend data to be
operated, transforming the minuend data into a first target quantum
state, and transforming the subtrahend data into a second target /— 82201
guantum state; wherein each of the first target quantum state and
the second target quantum state includes: a sign-bit sub-quantum
state representing the data sign and a value bit sub-quantum state
representing the data value

Y

Obtaining the quantum state of the first preset auxiliary qubit, and
according to the sign-bit sub-guantum state in the first target
quantum state and the quantum state of the first preset auxiliary /—— 82202
qubit, controlling the first target quantum state to execute quantum
state evolution corresponding to the complement operation,
to obtain the first complement quantum state; wherein the first
complement guantum state is the guantum state including the
complement of the minuend datg;

Y

Executing quantum state evolution corresponding to sign-bit-
inversion on the sign-bit sub-quantum state in the second target
guantum state, and according to the inverted sign-bit sub- /—52203
guantum state and the guantum state of the first preset auxiliary
qubit, controlling the current second target quantum state to
execute quantum state evolution corresponding to the complement
operation, to obtain the second complement quantum state;
wherein the second complement quantum state is the quantum state
including the complement of the subtrahend data

Y

For the first complement quantum state and the second complement
guantum state, executing quantum state evolution corresponding
to the addition operation, so as to evolve the first complement /.- 52204
quantum state into a third target guantum state including the sum
of the complement of the minuend data and the complement of said
subtrahend data

Y

According to the sign-bit sub-guantum state in the third target
guantum state and the guantum state of the first preset auxiliary
qubit, controlling the third target quantum state to execute a .~ 82205
guantum state evolution corresponding to the complement
operation, to obtain and output an evoluted fourth target quantum
state as the subtraction operation result of subtracting the
subtrahend data from the minuend data; wherein the fourth target
guantum state is a guantum state including the complement of the
sum of the complements
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Cbtaining multiplicand data and multiplier data to be operated,
transforming the multiplicand data into a first target quantum state,
and transforming the multiplier data into a second target guantum
state; wherein, each of the first target quantum state and the second
target quantum state stores the binary value of the data, and the bit
number of qubits corresponding to the first target quantum state is
at least twice the bit number of qubits corresponding to the second
target guantum state

53201

For each bit in the binary value stored in the second target quantum
state, according to the binary value of the current bit, controlling the
third target quantum state of the first preset auxiliary qubit and the
first target quantum state after left-shifting of the stored binary value
to execute quantum state evolution corresponding to the addition
operation, and obtaining an evoluted third target quantum state of
the stored addition operation result; wherein the initial state of the
third target quantum state is [0) and the bit number by which the
binary value left-shifts is determined by the bit number of the current
bit

53202
v

Qutputting the finally obtained third target quantum state as a
multiplication result of the multiplicand data and the multiplier data

53203
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Obtaining dividend data and divisor data to be operated,
transforming the dividend data into a first target quantum state, and
transforming the divisor data into a second target quantum state;
wherein, each of the first target quantum state and the second target
quantum state includes: a sign-bit sub-quantum state representing
a data sign and a value bit sub-quantum state representing a data
value

54201

Y

For the first target quantum state and the second target quantum
state, iteratively executing the quantum state evolution corresponding
to the subtraction operation, and counting the number of executions
of the subtraction operation until the dividend data is reduced
to a negative number, wherein, the minuend of each subtraction
operation is the subtraction result of the last subtraction operation,
and the subtrahend is the divisor data

Y

Qutputting the finally obtained counting result as a quotient of
dividing the dividend data by the divisor data

— 54203
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Obtaining dividend data and divisor data to be operated,
transforming the dividend data into a first target quantum state, and
transforming the divisor data into a second target guantum state;
wherein, each of the first target quantum state and the second target
guantum state includes: a sign-bit sub-guantum state representing
a data sign, and a value bit sub-quantum state representing a data
value

55201

v

For the first target quantum state and the second target quantum
state, iteratively executing guantum state evolution corresponding to
a subtraction operation, counting the number of executions of the
subtraction operation until the dividend data is reduced to a negative
number, and outputting a finally obtained counting result as integer
part of a quotient of dividing the dividend data by the divisor data;
wherein a subtraction result of the preceding subtraction operation
is used as a minuend of each execution of the subtraction operation,
and the divisor data is used as a subtrahend of each execution of the
subtraction operation

Y

For a current first target guantum state and a current second
target guantum state, iteratively executing quantum state evolution
corresponding to fractional part operation of the quotient, wherein
a preset number of iterations therefor is equal to the number
of precision bits in the fractional part to be operated, and after
each iteration, obtaining a quantum state of a value including
corresponding precision bits on a corresponding qubit with preset
precision bits

- 5520
/—S 3

Y

Qutputting the finally obtained qguantum state on qubits with preset
precision, where the quantum state includes a binary value of
fractional part of the quotient
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